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ABSTRACT
Lelek, J e f f re y  J . ,  M.S., Spring, 1979 Geology
The Skalkaho Pyroxenite-Syenite Complex East o f  Hamilton,
Montana, and the Role o f  Magma Immiscib i1i t y  in i t s  Formation (130 pp)
D i rec to r :  Dr. Donald W. Hyndman
Various l ines  o f  evidence suggest tha t  the bimodal rocks o f  the 
Skalkaho igneous complex east o f  Hamilton, Montana formed from co­
e x is t in g  immiscible magmas. Pyroxenites vary from near ly  pure (>98%) 
s a l i  te ,  to b i o t i t e  (v e rm ic u l i te)  pyroxenite,  to amphibole pyroxenite 
r ich  in sphene, a p a t i te ,  and magnetite. These pyroxenites are j u x ta ­
posed against syenites. M ia r o l i t i c  ca v i t ie s  in an unusual pegma­
t i t e  o f  anhydrous mineralogy a t te s t  to  the shallow emplacement o f  the 
complex. Based on f i e l d  re la t io n s ,  mineralogical s i m i l a r i t i e s ,  and 
chemical cons iderat ions,  the reg io na l ly  uncommon pyroxenites and 
syenites appear both comagmatic and contemporaneously emplaced. 
Fract ional c r y s t a l l i z a t i o n  as a d i f f e r e n t i a t i o n  mechanism may be 
ruled out on the basis o f  tex tu ra l  evidence such as the absence o f  
cumula te- in tercumulate phases, s t ru c tu ra l  evidence such as the lack 
o f  la ye r ing ,  and elemental behavior. D i f f e re n t ia t io n  o f  the two 
systems through the process o f  l i q u id  im m is c ib i l i t y  seems ind icated. 
The bimodal, comagmatic, and contemporaneous nature o f  the rocks is  
compatible with such an o r ig in .  The complex is a lk a l in e ,  as are 
many rock examples c i te d  to i l l u s t r a t e  im m is c ib i l i t y . Parameters 
seen to enhance experimental im m is c ib i l i t y  are evidenced a t  Skalkaho. 
These include high T i ,  P, and K, high K^O/total a l k a l ie s ,  low 
pressure o f  emplacement, and probably moderate to high v o la t i l e  con­
ten ts .  P a r t i t io n in g  o f  T i ,  P, and REE in to  the mafic f ra c t io n  is  
cons is ten t  wi th the operation o f  l i q u id  immisc ib i1i t y  as opposed to 
f r a c t io n a l  c r y s ta l l i z a t i o n .  F in a l l y ,  the rocks p lo t  near opposite 
ends o f  the determined im m is c ib i l i t y  f i e l d  on the j o in  f a y a l i t e -  
1e u c i t e - s i1ica (Roedder, 1951) with po ten t ia l  t i e l i n e s  p a ra l le l in g  
those seen to e x is t  between known immiscible fac t ions .
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CHAPTER I 
INTRODUCTION
General Statement
Real iz ing the dangers o f  narrowed th in k in g ,  geologists along 
with professionals in a l l  d is c ip l in e s  often look towards other areas 
f o r  possib le so lu t ions to t h e i r  own problems. Thus, as ea r ly  as the 
la te  1800's, geologis ts invoked the processes o f  l i q u id  im m is c ib i l i t y  
so evident between o i l  and water to explain the common ju x ta p o s i t io n  
o f  magmatic rocks severely divergent in composit ion. This study deals 
with the petrology o f  an igneous complex which exh ib i ts  a bimodal 
character here in te rp re ted  to have resulted la rg e ly  through magmatic 
in imiscib i l  i t y .
Early experimental work concerning s i l i c a t e  l i q u id  im m is c ib i l i t y  
showed incomplete m i s c i b i l i t y  in binary systems o f  S i02 w i th CaO,
MgO, FeO, Fe20g, MnO, SrO, ZnO, NiO, and CoO. Greig (1927), however, 
demonstrated tha t  these im m is c ib i l i t y  f i e l d s  occurred only  a t  
g e o lo g ica l ly  unreasonable temperatures (about 1700°C) and compositions. 
Complete m i s c i b i l i t y  is  a t ta ined w ith  the add i t ion  o f  only a few per­
cent common a lk a l ie s  o f  alumina. Bowen (1928) discussed cer ta in  c r i t e r i a  
f o r  the recogn i t ion o f  rocks separated by im m is c ib i l i t y  processes and 
stressed tha t  no evidence o f  l i q u id  im m is c ib i l i t y  had ever been c i te d  
in n a tu ra l ly  occurr ing rocks. He considered the mechanism ge o log ica l ly
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i n s ig n i f i c a n t ,  thereby squelching the idea o f  l i q u id  im m is c ib i l i t y  as 
a v iab le  process in geology.
Roedder's (1951) discovery o f  a second type o f  im m is c ib i l i t y  
f i e l d ,  located e n t i r e l y  w i th in  the ternary  system represented by the 
plane 1e u c i t e - f a y a l i t e - s i 1ica and occurr ing at geo log ica l ly  reasonable 
cond i t ions ,  resurrected considerat ion o f  l i q u id  im m is c ib i l i t y  (e.g.
Hoi gate, 1954). Convincing examples o f  quenched immiscible s i l i c a t e  
l i q u id s  have more recen t ly  been c i ted  from lunar basalts (Roedder and 
Weiblen, 1970a, 1970b, 1972) as well as t h e i r  t e r r e s t r i a l  equivalents 
(De, 1974; P h i lp o t t s ,  1976). As new rock examples o f  l i q u id  immisci­
bi l i t y  are proposed, experimental work reaches from refinements o f  
im m is c ib i l i t y  f i e l d s  in phase diagrams, to the e f fec ts  o f  common mag­
matic elements on im m is c ib i l i t y  f i e l d  dimensions, to elemental par­
t i t i o n i n g  trends between immiscible s i l i c a t e  l i q u id s .  The top ic  o f  
l i q u i d  im m is c ib i l i t y ,  or  l iq u a t io n  in the Russian l i t e r a t u r e  (Markov 
and o thers ,  1974; Prokoptsev, 1977), has become popular in a s u rp r is in g ly  
shor t  t ime.
A lka l ine  rocks c o n s t i tu te  a mere one percent or less o f  a l l  exposed 
igneous rocks, t h e i r  to ta l  worldwide outcrop being on the order o f  
5000 square ki lometers (adapted from Heinr ich,  1967, p. 205). Curr ie 
(1976) noted tha t  the a lka l in e  rocks are not so much r ich  in a lk a l ie s  
as poor in s i l i c a ;  d e s i l i c a t in g  the average granod io r i te  y ie ld s  a rock 
compos i t iona l ly  very close to the average nepheline syen ite ,  while 
average t h o l e i i t i c  and a lk a l in e  o l i v in e  basalts show a s im i la r  re la t io n s h ip
I t  is  apparent tha t  igneous complexes e x is t  w i th rocks o f  a l l  degrees 
o f  s i l i c a  sa tu ra t ion .
Of the 35 major a lk a l in e  rock l o c a l i t i e s  in the United States,
13 or 37 percent have associated c a rb o n a t i te s , defined by Verwoerd as 
"granular  rocks cons is t ing  o f  primary c a l c i t e ,  dolomite, anke r i te ,  or 
o ther  rock-forming carbonates as p r in c ip le  con s t i tue n ts ,  with sub­
ord ina te  a p a t i te ,  magnetite, s i l i c a t e s ,  and accessories,  and the primary 
features o f  in t ru s iv e  rocks ( in  Stanton, 1972, p. 353)." Carbonatites 
themselves, on the other  hand, are almost in v a r ib ly  associated with mafic 
to u l t ram a f ic  undersaturated rocks, most commonly u r t i t e ,  i j o l i t e ,  
m e l te ig i te  (aeger ine/d iopside-nephel ine rocks) ,  pyroxen ite ,  b i o t i t e  or 
phlogopite pyroxen ite ,  jacup iran g i te  (m agne t i te -pyroxen i te ) , and 
essexite (orthoclase nepheline gabbro). Normally occurr ing as zoned 
complexes, these i r o n - r i c h  rocks are surrounded by nepheline syen ite ,  
s yen i te ,  or  f e n i t e ,  a sod ium-fe rr ic  i ron enrichment zone w i th in  country 
rock adjacent to the complex.
Carbonatites provide perhaps the most accepted example o f  magma 
im m is c ib i l i t y  on a s ig n i f i c a n t  scale. Furthermore, the general category 
o f  a lk a l in e  rocks provides many o f  the examples believed to have arisen 
through the d i f f e r e n t i a t i o n  process o f  l i q u id  im m is c ib i l i t y  (P h i lp o t ts ,  
1978, 1976; Freestone, 1978).
Location o f  Skalkaho Igneous Complex
The Skalkaho complex l i e s  approximately 20 a i r  ki lometers east o f  
Hamilton, Montana in the southern Sapphire Mountains (Fig.  1).
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Figure 1. Locat ion Map
A c c e s s ib i l i t y  is exce l len t  v ia a newly improved and graded d i r t  road 
serv ing a ve rm icu l i te  mine s i tua ted  in mica pyroxenite o f  the center 
o f  the complex. Abandoned logging roads provide l im i te d  peripheral 
access. The area, rece iv ing 40-50 cm (15-20 inches) o f  p re c ip i ta t io n  
y e a r ly ,  is  genera l ly  heav i ly  forested and rugged, e levat ion ranging from 
near 1830 meters along St. C la i r  Creek to 2579 meters at  Skalkaho 
Mountain. Numerous f a l l e n  trees hinder t rave l  and general ly  poor ou t ­
crop r e s t r i c t s  de ta i led  mapping.
Previous Work, Mining H is to ry ,  and This Study
Heinrich (1956, p. 362) noted tha t  a zone extending southeaster ly  
from Missoula, Montana to Lemhi Pass in Idaho "displays many geological 
and minera logical impr ints c h a ra c te r i s t i c  o f  a major a l k a l i c  province in 
the uppermost stages o f  d is in te rm en t . "  Features represented in th is  b e l t  
inc lude numerous tabu la r  to lensoid rare-earth  carbonates, t h o r i t e  
ve ins ,  b a r i te  veins, a pegmatit ic  f l u o r i t e  deposit  w i th  rare-earth  
m ine ra l iza t ion  conta in ing scandium in t h o r t v e i t i t e , and the pyroxenite-  
syen ite  complex dealt  w i th in th is  study.
Pe rry ’ s (1948) b r i e f  repor t  on ve rm icu l i te  deposits near Hamilton 
is  the on ly  o ther reference to the complex, a two-page general ized 
capsule o f  the geography, mining h is to r y ,  geology, and economic prospects 
He regarded the rocks as very s im i la r  to those o f  the Libby deposit 
(Rainy Creek Stock, see Boettcher, 1967) in a l l  general c h a r a c te r i s t i c s .
Mining claims were i n i t i a l l y  staked on the ve rm icu l i te  deposits in 
1930. Numerous pa r t ies  invest iga ted  the area by means o f  p i t s ,  trenches.
and short  ad i ts  u n t i l  1976 when National Minerals Corporation obtained 
the property r ig h ts .  Western Verm icu l i te  Company o f  V ic to r ,  Montana 
is  now a c t iv e ly  e x p lo i t in g  the ve rm icu l i te  deposits.
F ie ld  work f o r  t h is  study was conducted during the summer o f  1978, 
The rocks were mapped on a scale o f  1" = 600' using an enlarged U.S. 
Forest Service topographic sheet supplemented with U.S. Geological 
Survey 7 1/2 minute quadrangle maps. Magnetite, which is  lo c a l l y  
abundant makes Brunton compass measurements u n re l ia b le ,  and ae r ia l  
photographs, surface fea tu res ,  and the a l t im e te r  were heav i ly  re l ie d  
upon to conf irm loca t ions .
CHAPTER I I  
GENERAL GEOLOGY
Regional Sett ing
Three major te c ton ic  fea tures,  the Idaho b a th o l i t h ,  the D i l lon  
b lock,  and the Overthrust B e l t ,  dominate the geology o f  west-central 
Montana. The over th rus t  complexes which extend from near Las Vegas, 
Nevada northward in to  Canada are thought to be re la ted to e i th e r  
c r y s ta l l i n e  basement block u p l i f t s  (Mudge, 1970; Pr ice ,  1971) or 
doming re s u l ta n t  from igneous in t ru s io n  (Armstrong, 1974; Burchf ie ld  
and Davis, 1975; Hyndman and o the rs ,  1975). Horizontal movement o f  
th rus ted s t ra ta  is  believed to have occurred e i th e r  through downslope 
grav i ty - induced s l i d in g ,  or by la te ra l  spreading responding to a 
g ra v i t y - r e la te d  stress on an elevated or thickened section in the source 
area. This l a t t e r  spreading process may be i l l u s t r a t e d  by cer ta in  
modes o f  g la c ia l  movement such as tha t  e x is t in g  on Greenland.
Hyndman and others (1975) f i r s t  recognized the Sapphire tec ton ic  
b lock,  s i tua ted  between the Idaho b a th o l i th  and the Boulder b a th o l i th .  
The Sapphire block, some 100 km long and 75 km wide, consists o f  a 
15-17 km th ic k  slab o f  Precambrian B e l t ,  Paleozoic, and Mesozoic 
sediments which s l i d  approximately 60 kilometers eastward across a 
prominent m y lo n i t i c  detachment zone, in response to emplacement o f  the 
Idaho b a th o l i th  (Hyndman, 1979). This movement occurred about 75- 
80 MYBP and allowed i s o s ta t i c  r is e  o f  Idaho b a th o l i th  g r a n i t i c  materia l
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to form the present B i t t e r r o o t  Range (Hyndman, 1979). Wiswall (1976) 
has reviewed the tec ton ics  and s t ruc tu re  o f  the region, emphasizing 
the southeastern edge o f  the Sapphire block. The Skalkaho igneous 
complex,which is  the concern o f  t h i s  paper, is  near the western or 
t r a i l i n g  edge o f  the Sapphire block.
The o ldes t  rocks exposed in the Sapphire block belong to the Pre­
cambrian Be l t  Supergroup. From oldest  to youngest, the main un its  are 
the Prichard Formation, Raval l i  Group, Wallace Formation, and Missoula 
Group. C a lc -s i1ica te  and quartzose rocks o f  the Wallace Formation 
surround the Skalkaho complex, and Raval l i  Group a rg i l  1i t i c  q u a r tz i te  
is  exposed w i th in  a few kilometers (Presley, 1970, LaTour, 1974).
Presley (1973) recognized two mappable un i ts  o f  the Wallace near 
the study area. Rocks o f  the c a l c - s i 1ica te  u n i t  are f in e -  to medium-
grained and white to green, w i th  layers varying from a few mm to 5 cm
t h i c k ,  genera l ly  grouped in to  zones up to 1 m th ic k .  These ca lc-  
s i l i c a t e s  are by fa r  the most abundant rock type in the area and are 
the only  meta-sediments in contact with the Skalkaho complex. West o f  
Skalkaho Mountain they have undergone lower-amphiboli te-grade meta­
morphism (Pres ley,  1970; LaTour, 1974). They contain diopside and in 
some cases scapo l i te  c ry s ta ls  and white scapo l i te  ba l ls  up to 5 mm in
diameter. In te r laye red  with the c a l c - s i 1ica te  rocks are very th in
layers  o f  f ine -g ra in ed ,  b io t i t e - q u a r t z - r i c h  rock. The upper pa r t  o f  
the Wallace Formation, cons is t ing  o f  b i o t i t e  and quartz with scapo l i te  
ba l ls  comprising up to 50 percent o f  the rock (Presley, 1973), does not 
abut the py roxen i te -syen i te complex.
Godlewski (verbal communcation, 1979) not iced several types o f  
breccia  zones w i th in  the middle Be l t ,  Wallace carbonate u n i t .  He 
a t t r ib u te d  these to soft-sediment deformation re s u l t in g  from s l id in g  
on subaqueous slopes proximal to deep water basins. Such breccias, 
cons is t ing  of carbonate blocks in some cases la rge r  than b u i ld in gs ,  
encased by a f ine -g ra ined  carbonate, outcrop in several places near the 
northern and eastern edges o f  the Idaho b a th o l i th .  A brecciated c a lc -  
s i l  ica te  rock which occurs adjacent to the southwest port ion  o f  the 
Skalkaho py roxen i te -syen i te complex probably is  one o f  these synde- 
pos i t io na l  breccias. These breccias may serve as zones o f  weakness 
to help lo c a l iz e  in t ru s ive s  such as the Skalkaho complex or the Snow­
b i rd  deposit ,  a pegmati t ic  ra re -e a r th - r ic h  quartz-carbonate body in the 
Wallace Formation west o f  Missoula, Montana (Metz, 1971).
D i o r i t i c  to g ra n i t i c  epizonal stocks, considered to be re la ted  to 
the Idaho and Boulder b a th o l i th s ,  co n s t i tu te  most o f  the igneous terrane 
w i th in  the Sapphire block (Wiswall,  1976). S truc tura l  evidence suggests 
emplacement during or j u s t  a f t e r  movement o f  the block (Hyndman and 
others,  1975).
Addi t iona l  igneous rocks in the area include diabase dikes and 
tab u la r  carbonat i te  bodies (Crowley, 1960; Heinr ich and Levisson, 1961; 
He inr ich ,  1966, p. 362; LaTour, 1974). Ca lc -a lka l ine  volcanic  features 
occur to the south (Badley, 1977), and to the west in the B i t t e r r o o t  
Range outcrops a pre-mid Mesozoic metamorphosed mafic layered in t ru s iv e  
(Jens, 1974) and several small anorthos i te  bodies (Berg, 1964; Cheney,
1 975 ).
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Approximately 275 km to the north l i e s  the Rainy Creek stock 
(Boettcher,  1966, 1967), which is  s im i la r  to the Skalkaho complex.
Both complexes may belong to the Canadian C ord i l le ran  a lka l in e  province 
delineated by Curr ie (1976)., The Ice River complex o f  t h is  b e l t ,  located 
about 320 km north and s l i g h t l y  west o f  the Rainy Creek stock, is  another 
s im i la r  body composed dominantly o f  fe ld spa r - f re e  u l t ram a f ic  rocks and 
syenites (C u r r ie ,  1976, p. 97-99). Beyond th is  conjecture,  however, the 
tec ton ic  s ig n i f ican ce  o f  the Skalkaho complex remains as mysterious as 
tha t  o f  the centra l  Montana a lka l in e  province.
General Geology o f  the Skalkaho Complex
The in t ru s iv e  complex is  elongate east-west f o r  approximately 6-7 
k i lom ete rs ,  and is  about 1-1 1/2 ki lometers across. Pyroxenite, about 
36 percent o f  the complex in map view, is  surrounded by two elongate 
horseshoe-shaped bodies o f  syenite (F ig.  2).
Three broadly defined v a r ie t ie s  o f  pyroxenite are delineated:
1 ) anhydrous pyroxen ite ,  a f in e -g ra in e d ,  dark green, very hard rock 
composed almost e n t i r e l y  o f  s a l i t i c  pyroxene; 2 ) mica pyroxen ite ,  a 
coarse-grained to pegmatit ic  rock contain ing from <10 to >90 percent 
b i o t i t e ,  h y d ro b io t i t e , or ve rm icu l i te  w i th  s a l i t i c  pyroxene; and 
3 ) amphibole pyroxen i te ,  a h igh ly  var iab le  rock type composed la rg e ly  
o f  pyroxene and amphibole w ith abundant a p a t i te ,  magneti te, and sphene. 
The l a t t e r  rock type commonly e x h ib i ts  a s t r i k i n g  p o i k i l i t i c  tex tu re ,  
w i th  patches o f  continuous m i r r o r - l i k e  r e f le c t io n  up to 15 cm across 
v i s i b le  when viewed on a sunny day.
SYENITE
PEGMATITE
SYENITE
MIGA PVPQXENITE
ANHYDROUS PYROXENITE
AMPHIBOLE PYROXENITE-'.
Lj_ l Kilometers
M iles
Figure 2. Geologic nap o f  the Skalkaho complex.
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A l k a l i - f e l dspar syen i te ,  nearly a l l  m ic ro pe r th i te ,  varies to 
syenites which may contain up to 50 percent mafic minerals. Textures 
range from massive to t rachy to id  in the predominantly coarse-grained 
rocks .
An anhydrous, extremely coarse-grained pegmatite cons is t ing  o f  
green pyroxene, white sodic fe ldspa r ,  black garnet,  honey-colored 
sphene, and m ia r o l i t i c  c a v i t i e s ,  cuts the pyroxenites as does extremely 
f ine -g ra in ed  l i g h t - g r a y ,  ve s ic u la r ,  p o rp h y i t ic  t rachyte .  Linear and 
pod- l ike  bodies o f  carbonate, in some cases intergrown with sodic 
amphibole also cut the pyroxen i te ,  as do epithermal quartz-carbonate 
v e in s .
Minor shears run throughout the complex although p o s t - c r y s ta l ! i z a t io n  
deformation has been s l i g h t .  A small zone o f  fe n i te  ex is ts  in the 
country rock adjacent to pyroxenite.  The main economic concern in the 
complex, ve rm icu l i te ,  is spo rad ica l ly  d is t r ib u te d ,  which w i l l  complicate 
mini ng.
The Skalkaho complex cuts the Be l t  Wallace Formation, ind ica t ing  
i t  is  younger than these rocks, although the exact age is  as yet  un­
determined. Furthermore, the presence o f  u n f i l l e d  m ia r o l i t i c  ca v i t ie s  
in  the pegmatite and u n f i l l e d  vesic les in the t rachyte imply a much 
younger age. These data along with the presence o f  uneroded, e p i ­
thermal - type veins and the undeformed nature o f  the rocks suggests 
emplacement a f t e r  s l i d in g  o f  the Sapphire block. I n t e r e s t i n g ly , the
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a lk a l in e  rocks o f  the Central Montana Province are Eocene in age.
B io t i t e  from the Rainy Creek stock to the north y ie lded a Sr-Rb 
age o f  94 m.y.
F ie ld Relations
Evidence o f  igneous a c t i v i t y  abounds in the numerous c ross -cu t t ing  
r e la t io n s h ip s ,  in c lu s ion s ,  macro- and microscopic tex tu res ,  and in ­
je c t i o n  features which permeate the complex. Although poor exposure 
probably obscures many re la t io n s ,  the abundance o f  v i s i b le  features 
ind ica tes  igneous a c t i v i t y  was intense.
Many features po in t  to ac t ive  emplacement o f  the sye n i t ic  rocks 
( " s y e n i t i c "  r e fe r r in g  to a l l  v a r ie t ie s  o f  syenite and a l k a l i - f e ld s p a r  
syen ite  according to the lUGS c la s s i f i c a t i o n  o f  igneous rocks--  
Streckeisen, 1976). Near the periphery o f  the complex, s y e n i t ic  rocks 
conta in numerous blocky inc lus ions  o f  country rock in add i t ion  to rounded 
to angular chunks o f  mafic to in termedia te igneous rock. Near the eastern 
ex t rem i ty  o f  the s y e n i t i c  mass is  a zone espec ia l ly  r ich  in such 
x e n o l i t h i c  mate r ia l .  Syen i t ic  rocks record act ive stoping o f  the 
country rock and in places s y e n i t ic  magma has in jec ted  i t s e l f  between 
layers in the country rock. Dikes o f  s y e n i t ic  materia l  extend in to  the 
Be l t  meta-sediments.
With in the s y e n i t ic  body, in t ru s iv e  features reveal complex re­
la t io n s  between various syenite types. A lk a l i  fe ldspar  syenites cut 
across and contain inc lus ions o f  more p iag io c lase - r ich  v a r ie t ie s ,  whereas
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a leucoc ra t ic  pegmatit ic  syenite transects a l k a l i - f e ld s p a r  syenite.
Many s y e n i t i c  rocks have a d i s t i n c t i v e  t rachy to id  te x tu re ,  p a r t i c u la r l y  
along borders between in t ru s iv e  phases or where the in t ru s iv e  body is  
d i k e - l i k e  in form. Para l le l ism  o f  grains in t h i s  tex ture  is  very strong 
except where i t  wraps around and is  d is to r te d  by inc lus ions (see Fig. 13) 
No evidence o f  c h i l l  zones was seen anywhere except near the eastern 
syen i te /coun try  rock contact where gra in size is  genera l ly  smaller.
The pyroxenite body shows s im i la r  pervasive and complex in t ru s io n  
pa t te rns .  Anhydrous pyroxen i te ,  although e x is t in g  as a very large d i s ­
crete mass in the eastern part  o f  the body, may be found throughout the 
complex as inc lus ions  w i th in  amphibole pyroxenite and associated with 
mica pyroxenite.  The re la t ionsh ips  between mica pyroxenite and 
anhydrous pyroxenite is cur ious,  nowhere showing a c ross -cu t t ing  contact 
which would ind ica te  a t ime re la t io n s h ip .  This association is  h igh ly  
i r r e g u la r ,  with s t r in g e rs ,  pods, and patches (see Fig. 4) o f  mica-r ich 
( in  some areas over 90%) pyroxenite grading gradual ly  or abrupt ly  
(w i th in  a few m i l l im e te rs )  to anhydrous pyroxenite.  The two v a r ie t ie s  
in these cases appear t e x t u r a l l y  continuous; only  the appearance o f  
mica serves to d is t in g u is h  two rock types. Near the western syen i te /  
pyroxenite con tac t ,  a zone o f  f o l i a t i o n  w i th in  the mica pyroxenite co in­
cides w ith  an area o f  associated mixed mica/anhydrous pyroxenite and 
the b i o t i t e  concentrat ions appear to be in t im a te ly  associated w i th  or 
c o n t ro l le d  by t h i s  t rend,  which may be a f low f o l i a t i o n .
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0.5 Meters
Figure 3. Sketch portray ing t rachy to id  potassium fe ldspar 
c rys ta ls  d isor ien ted  by an inc lus ion  o f  Be l t  
country rock.
Mica-Rich
Pyroxeni te
Anhydrous 
Pyroxeni te
Meter
/
Figure 4. Sketch i l l u s t r a t i n g  zones o f  m ica-r ich
pyroxenite in outcrop o f  anhydrous pyroxenite .
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Amphibole pyroxenite commonly t ransects mica pyroxenite and may 
cut anhydrous pyroxenite as we l l .  In some cases, the percentage o f  
amphibole approaches 90 percent and f low f o l i a t i o n  or l in e a t io n  is 
common. Inclusions o f  anhydrous pyroxenite are numerous, espec ia l ly  in 
the d i s t i n c t i v e  h igh ly  p o i k i l i t i c  va r ie ty .  This coarse p o i k i l i t i c  
amphibole pyroxenite,  although ubiqui tous, inva r iab ly  forms the la rger  
masses o f  amphibole pyroxenite general ly  s i tuated at the outer edges o f  
the pyroxenite body. In one case, t h i s  pyroxenite type was seen i n ­
t rud ing  fe n i t i z e d  Be lt  country rock.
Contact re la t ions  between sye n i t ic  rocks and the pyroxenite mass 
are nowhere v i s i b le ,  at  least  as sharp features. In some areas, as the 
hidden contact is approached, the syenite or a l k a l i - f e ld s p a r  syenite 
becomes enriched in mafics. This is  c le a r l y  exposed at the la s t  road 
fo rk  before the ve rm icu l i te  mine, and is  evidenced where a patch o f  
amphibole pyroxenite and hybrid rock is iso la ted in the western sye n i t ic  
horseshoe. There, a small amount o f  hybrid  rock (pyroxene-potassium 
fe ldspa r  in subequal amounts), swimming in a sea o f  mostly a l k a l i -  
fe ldspar  syen i te ,  may ind ica te  contemporaneity of syenite and pyroxenite 
as well as representing a produce o f  in te ra c t io n  between two h igh ly  
d iverse magma types.
Trachyte dikes cut pyroxenite with sharp contacts and show no w a l l -  
rock a l t e r a t io n .  Two large dikes trending towards adjacent syenite 
apparently  do not continue beyond the pyroxenite. The westernmost dike
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l i e s  in the zone o f  f o l i a te d  b i o t i t e  pyroxenite and is  concordant with 
th a t  f o l i a t i o n .
Anhydrous pegmatite forms the knob immediately south o f  Skalkaho 
Mountain in add i t ion  to c u t t in g  a l l  v a r ie t ie s  o f  pyroxenite. No evidence 
was seen o f  the pegmatite cu t t in g  e i t h e r  syenite or  country rock. Where 
the pegmatite runs through mica pyroxenite,  the pyroxenite adjacent to 
the pegmatite is  commonly indurated f o r  a distance o f  several decimeters. 
In rare case s ,pa ra l le l ism  o f  pyroxene c rys ta ls  in the wall immediately 
adjacent to an undeformed pegmatite dike suggests p re - in je c t io n  shearing, 
possib ly  before to ta l  consol idat ion o f  the pyroxenite. Later,  pegma- 
t i t i c  material may have been loca l ized  along the shear zone. Growth o f  
pegmatite minerals w i th in  the dikes fol lowed a prescribed paragenesis, 
resu l t in g  in comb-type s t ruc tu re  w ith a centra l  zone r ich  in fe ldspar 
and m ia r o l i t i c  ca v i t ie s  (Fig. 5). Dike forms are common as are pods, 
patches, and anastomozing zones o f  pegmatit ic  mineral.  In rare cases, 
ju x ta p o s i t io n  o f  f ine -g ra ined  and extremely coarse-grained material of 
pegmat i t ic  mineralogy is reminiscent o f  the ap l i te -pegmat i te  association 
in some g r a n i t i c  pegmatites (see Fig. 6 ).
In the pegmatite body forming the knob, inc lusions o f  pyroxenite 
range from f i s t - s i z e d  to head-sized and probably beyond. They commonly 
serve as nucléat ion centers with i n i t i a l  c r y s ta l l i z a t i o n  o f  pegmatit ic  
pyroxene re s u l t in g  in a pattern rad ia t ing  outward from the inc lus ion .  
Within th is  body, zones contain ing up to 50 percent apat i te  occur as 
very s t r a ig h t ,  sharply bounded d i k e - l i k e  features and as i r r e g u la r  to
M ia r o l i t i c  Cavit iesPyroxeni te
Garnet
Pyroxenite
Sphene
Figure 5. Ideal ized sketch showing comb s t ruc tu re  
o f  pegmatite dikes.
coarse-grained
Mica Pyroxenite
Pegmati te
Meter
f ine-gra ined
Figure 6. F ie ld  sketch o f  ap l i te -pegm at i te  type
tex tu re  in pegmatite w i th  anhydrous mineralogy
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amoeboid patches. The tex ture  is  unique, w i th  such zones of ten running 
through on ly  a por t ion  o f  an ind iv idua l  c ry s ta l .
Linear and anastomozing carbonate bodies cut pyroxen ite ,  and in 
several areas, small bodies o f  pure white c a lc i t e  are associated with 
quartz.  One l i n e a r  form cu t t in g  verm icu l i te  pyroxenite is  composed o f  
what appears to be a n k e r i t i c  carbonate and quartz.  This vein contains 
abundant c a v i t i e s  and weathers a b r ig h t  orange ochre.
Belt  metasediments comprising the country rocks are in va r ia b ly  the 
most re s is ta n t ,  forming almost a l l  r idges and peaks surrounding the upper 
St. C la i r  Creek basin and the igneous complex. Changes in  slope are 
common between country rock and in t ru s iv e  rocks and ta lus  p i les  are 
genera l ly  l im i te d  to the Be lt  rocks. Pyroxenite as expected is  e a s i ly  
eroded re s u l t in g  in poor exposure, exceptions being the ve rm icu l i te  
bearing ridges and areas where magma in je c t i o n ,  p a r t i c u la r l y  o f  peg­
m a t i te ,  has produced a more re s is ta n t  s t ruc tu ra l  framework. These 
ve rm icu l i te -bear ing  ridges may owe t h e i r  existence to the abundant 
phases in t ru d ing  them or possib ly  to rapid drainage through the general ly  
permeable m ater ia l .  Syenite outcrops s l i g h t l y  be t te r  than pyroxenite 
whereas re s is ta n t  pegmatite and t rachyte  are moderately good outcrop- 
formers.
CHAPTER I I I  
PETROGRAPHY
Pyroxenite
As stated e a r l i e r ,  the rocks o f  the pyroxenite body may be grouped 
in to  three categor ies. Of these, the anhydrous pyroxenite is in a l l  
aspects o f  mineralogy and tex tu re  h igh ly  uniform, the mica pyroxenite 
var ies widely  in mica concentrat ion and tex tu re ,  and the amphibole 
pyroxenite comprises rock types which are s t i l l  more var ied ,  ye t  
re ta in  common c h a r a c te r i s t i c s . Modal compositions f o r  a l l  rocks 
estimated in th in  sect ion are l i s t e d  in Table 1.
Anhydrous py roxen i te . The anhydrous pyroxenite va r ie ty  occurs as 
a massive r idge-forming body in the southeast po r t ion  o f  the pyroxenite 
mass, as iso la ted  outcrops w i th in  areas o f  other pyroxenite types, and 
as d isc re te  fuzzy -borde red rounded inc lus ions w i th in  the amphibole 
pyroxenite.  In handsample, t h i s  type is a hard, extremely f ine -g ra ined  
( less than 1mm), dark-green rock, general ly  showing complete lack o f  
s t ru c tu re  and forming rare bouldery outcrops. In iso la ted cases, a 
vague p a ra l le l ism  o f  pyroxene grains may be in d ica t ive  o f  f low during 
c rys ta l  1iz a t io n .
M in e ra lo g ic a l ly , the anhydrous pyroxenite consists o f  a t  leas t  
98 percent pyroxene grains which commonly show near 120° boundary con­
f ig u ra t io n s  (Plate l a ) .  Grain size ranges from 0.1 mm to ( ra re ly )
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Table  l a .  Modal Analyses o f  Pyroxem' tes
Anhydrous | Mica- 
Pyrcxenites [ Pyroxenites Anphibole Pyroxenites
69 273 20 134 167 I 58 23 27A 32 35A 54 56A 563 59A 50 608 61 85 87 129 145 176 195
I Apatite* 
1 phase 
t 123
Augite 93 99 70 78 65/90 SO 50 60 82 84 80 43 73 86 10 97/5 4 65 40 40 40 75 32 39
B io t i te 26 10 30/5 1 1 2 7 1 2 1 I 1 T
Arrphibole 7 8 25 8 5 7 30 2 2. 82 0/84 84 12 50 42 50 8 10
Apatite 1 1 T I  T 3 2 4 2 I 4 3 5 1 3 2/3 5 3 4 3 1 2 2 10
Magnetite T I I I 3 1 4 .1 2 5 5 1 2 1 1/3 I 4 4 5 1 5 1 I
Sphene 1 I  T 2 2 4 3 1 2 15 2 1 2 0/4 2 2 1 3 3 5 3 I
Plagicclase 3 8 4 1 5 1 1 1 4 3 1 2 1 1 T 1 1
K~fe ldspar 30 5 10 45
Ep'dote I I I 4 2 1 1 T T 2 2 5 1 1 5 2 1 3 4 1 2
C a lc ite 3
Garnet I T 4
Henatite T T T I 1 1 I T T 1 I T 2 2 4 1
Zircon
C h lo r i te
Sample ? 4c ISA 43A 46A
P e r th i te 88 89 40 50
Mi c r o d  ine 15 20
Plagioclase 25 30
Augite 3 6 7
B io t i  te I I I I
Amphibole 5 2 9
Apati te 1 1 1
Magnetite 1 1 1 T
Sphene 2 1 1
Epidote T T I 4
Garnet T
Hematite T T
Zircon I f \ o
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Figure 7. Composition o f  pyroxene composing the anhydrous 
pyroxenite. Circ le represents chemical data.
X is from optical data.
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the appearance o f  hornblende, epidote, magnetite (? ) ,  — sphene, — 
garnet.  These minerals appear both between and ins ide ind iv idua l  
pyroxene gra ins ,  and are in te rp re ted  as an a l te ra t io n  or replacement 
assemblage.
Mica pyroxen i te . The general ly  coarse- to very coarse-grained mica 
( b i o t i t e ,  h y d ro b io t i t e , or  ve rm icu l i te )  pyroxenite is the most abundant 
va r ie ty  o f  pyroxenite,  apparently making up most o f  the western port ion 
o f  the pyroxenite body. In ad d i t io n ,  a large mass outcrops along the 
roads immediately southwest o f  the pegmatite and numerous iso la ted 
patches are scattered throughout the remainder o f  the complex.
The mica proxenite outcrops as large rounded boulders s im i la r  to 
those common in semi-ar id g ra n i t i c  areas, but is  more commonly exposed 
as crumbly, decomposed, in s i t u  material  along roadcuts and trenches. 
Mica content is e r r a t i c ,  varying from 5 percent or so to  over 75 per­
cent,  commonly w i th in  the space o f  a few centimeters. Segregations o f  
m ica-r ich  rock may occur as pods or small i r regu lar ly -shaped bodies. 
Although almost in va r ia b ly  massive in tex tu re ,  near the western margin 
o f  the pyroxenite w i th in  30-150 meters from the syen i te ,  b i o t i t e  
pyroxenite outcrops appear "sheeted" due to the f o l i a t i o n  defined by 
pyroxene and b i o t i t e  gra ins.  B io t i t e - r i c h  zones, although s t i l l  
apparently pod - l ike ,  here l i e  subparal le l  to the f o l i a t i o n ,  which may 
have channeled la te  f l u i d s .
The pyroxene in these mica pyroxenites appears iden t ica l  to the 
s a l i  te o f  the anhydrous pyroxeni te except tha t  i t  contains extremely
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th in  opaque rods ( i Imen ite ? ) apparently exsolving w i th in  the grains 
along two c rys ta l log rap h ic  d i rec t io ns .  Polysynthet ic  twinning is 
l o c a l l y  developed. The grains are general ly  stubby prisms 0.5 to 6 mm 
long of ten embayed by mica.
Mostly b i o t i t e ,  the mica is  s t rong ly  pleochroic - -  X = l i g h t  brown, 
Y=Z = dark brown to dark o l iv e  brown — and contains exsolved rods o f  
c le a r  r u t i l e  or iented along three c rys ta l log raph ic  d i rec t io ns .  B io t i t e  
grains are bent and broken, with deformation kinks developed. P o i k i l i t i c  
inc lus ions  o f  pyroxene are commonly o p t i c a l l y  continuous and embayed 
(Plate l b ) ,  suggesting replacement o f  pyroxene by b i o t i t e .  Crystals 
range from 1 mm to more than 1 meter across and are general ly  in the 
30 mm range. Minor amounts o f  green b i o t i t e  occur as o p t i c a l l y  
continuous patches on the edges o f  pyroxene grains and along f ractures 
w i th in  them. This phase is probably a la te -s tage a l te ra t io n .  Increasing 
expandab i l i ty  in a f lame, decreasing e l a s t i c i t y  o f  the f lakes ,  and a 
c o lo r  change to golden-brown ind icate tha t  b i o t i t e  has lo c a l l y  been 
a l te red  to hyd rob io t i te  or ve rm icu l i te .
Plagioclase forms continuous i n t e r s t i t i a l  p o i k i l i t i c  patches which 
c o n s t i tu te  3-9 percent o f  the rock. I t  is normal ly zoned from An^g to 
An2 2 - A lb i te  twinning is lo c a l l y  developed and p e r ic l in e  twins are rare.
In te rg ranu la r  euhedral sphene, subhedral ap a t i te ,  anhedral magnetite 
and epidote (X = co lo r less ,  Z = lime yel low) and hematite occur in trace 
amounts. I n t e r s t i t i a l  twinned c a lc i t e  with 2Va= 1 O'" is present to a 
few percent. I t s  c le a r l y  i n t e r s t i t i a l  occurrence (P la te Ic )  and i t s
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habi t  o f  enclosing plag ioc lase imply a la te -s tage product o f  c r y s t a l l i ­
za t ion .  Paper-th in sheets o f  white material located between mica f lakes 
were id e n t i f i e d  as a-quartz by means o f  x-ray d i f f r a c t i o n .  S im i la r  
in te r la m e l1ar sheets occurr ing in b i o t i t e  a t  the Rainy Creek Stock 
were id e n t i f i e d  as e i th e r  quartz or t re m o l i te  (R. Kujawa, verbal comm.. 
Sept. , 1978).
Textural re la t io n s  imply tha t  i n i t i a l  c r y s t a l l i z a t i o n  o f  pyroxene 
preceeded l a t e r  development o f  b i o t i t e .  At leas t  some and perhaps a l l  
o f  the b i o t i t e  replaced e a r l i e r  pyroxene. I n t e r s t i t i a l  p lag ioc lase,  
ep idote,  and c a lc i t e  c r y s ta l l i z e d  la te r .  Mild deformation o f  b i o t i t e  
f lakes and a minor a l te ra t io n  to form green b i o t i t e  are s t i l l  l a t e r .
Quartz in te r leaved in mica books probably a t tes ts  to a la te  hydrothermal 
event .
Amphibole pyroxen i te . Amphibole pyroxenite is  by fa r  the most 
va r iab le  and in fa c t  may be viewed as an attempt to clump numerous rock 
species. Besides the d iagnostic  appearance o f  green amphibole, a p a t i te ,  
sphene, and magnetite are ubiqui tous. Handspecimen textures vary widely 
from f ine -g ra ined  (1-3 mm), to coarse-grained (25 mm), to p o i k i l i t i c  
amphibole grains reaching 15 cm. Some un i ts  are massive whereas others 
show a weak to very pronounced f o l i a t i o n  or  l i n e a t io n .  In handsample 
the rocks vary from very dark green to l i g h t  green with i n t e r s t i t i a l  
white patches, honey-colored sphene c ry s ta ls ,  white apa t i te  prisms, and/or 
magnetite or p y r i te  gra ins.  A l l  the va r ie t ie s  outcrop spo rad ica l ly  and 
occur as iso la ted  pods, d i k e - l i k e  fea tures,  o r  small bodies which
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complexely cut each other and the other pyroxenites. F ie ld  re la t io ns  
in d ica te  tha t  the amphibole pyroxenite postdates the other two pyroxenite 
types. Pétrographie work corroborates th is  view.
The pyroxene o f  t h is  group is  also near ly  iden t ica l  to tha t  o f  the 
anhydrous pyroxenite except f o r  ce r ta in  su b t le t ie s .  Grain size varies 
from 0.1 mm to over 8 mm, with 1-3 mm being most common. Zoning was 
noted in a l im i te d  number o f  samples. The in va r iab ly  l igh t-g reen  to 
near ly  co lo r less  centers and th in ,  darker-green rims suggests enrichment 
in sodium. ZAC var ied from 43° in the core to 51° in the rim.
The percentage o f  amphibole, even w i th in  a s ingle th in  sect ion,  
ranges from near zero to as high as 85. I t  is  s t rong ly  pleochroic  - -  
X = pale brown, Y = o l iv e  green, Z = dark green and ra re ly  bluish-green 
on edges - -  with weak to moderate d ispers ion.  S l ig h t  zoning lo c a l l y  
occurs w i th  ZAC ranging from 16° in the core to 23° in the rim. The 
approximate average 2Va is  55°. Some c rys ta ls  showed exsolut ion o f  
opaque rods causing the S c h i l l e r  e f fe c t .  Single grains ranging to 30 mm 
usua l ly  p o i k i l i t i c a l l y  contain a l l  o f  the other minerals (Plate I d ) ,  but 
in some cases o p t i c a l l y  continuous patches occur w i th in  la rge r  pyroxene 
grains or i n t e r s t i t i a l  to o ther gra ins. In several rocks, b i o t i t e  with 
react ion rims o f  amphibole is  enclosed in pyroxenite (Plate 2a). I t  
thus appears the amphibole is  l a te r  than pyroxene and b i o t i t e ,  and most 
amphibole pyroxenites may be metasomatic a l te ra t io n s  o f  e a r l i e r  
anhydrous pyroxenites or b i o t i t e  pyroxenites.
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In v a r ia b ly ,  the amphibole is  associated with the d i s t i n c t i v e  
assemblage apa t i te  (1-5%), magnetite ( 1-8%), and sphene (1-15%).
Sections o f  euhedral to ra re ly  subhedral apat i tes  range from 0.1 mm 
to 3 mm across. I t s  hab i t  is very stumpy to extremely ac icu la r .
Crysta ls  are l o c a l l y  enclosed in pyroxene and abundantly enclosed in 
amphibole o r  are in te rg ra n u la r .  Apat i te  is  in fe r red  to have c ry s ta l l i z e d  
la rg e ly  a f t e r  pyroxene and before amphibole.
Magnetite, whose unusual abundance is  roughly c o r re la t i v e  with 
th a t  o f  a p a t i te ,  occurs both as anhedral to subhedral grains 0.1 to 
5 mm across and as f in e  dusty patches w i th in  a l te r in g  pyroxene gra ins.
The grains are p o i k i l i t i c a l l y  enclosed by b i o t i t e ,  amphibole, and ra re ly  
pyroxene and i n t e r s t i t i a l  sphene. The grains ra re ly  enclose brown 
b i o t i t e .  Magnetite is s p a t ia l l y  associated with sphene, b i o t i t e ,  and 
epidote,  and is  commonly surrounded by a th in  rim o f  sphene. In some 
cases i t  is  rimmed by b i o t i t e ,  or more ra re ly  by outward progressing 
r ings o f  sphene and b i o t i t e .  Although tex tu ra l  re la t io n s  are incon­
c lu s iv e ,  apparent embayment by pyroxene and sphene ranging to d e f in i te  
i n t e r s t i t i a l  hab i t  suggests a long period o f  magnetite c r y s ta l l i z a t i o n .
Another abundant mineral c r i t i c a l  to the amphibole pyroxenites is  
sphene, which occurs in sect ion as c h a ra c te r is t i c  euhedral wedges from 
0.1 mm to nearly 10 mm long, and lo c a l l y  as anhedral i n t e r s t i t i a l  
p o i k i l i t i c  patches up to 10 mm across. A 2Vy o f  approximately 25-30°, 
and a green to ye l low c o lo r ,  ind ica te  a low Fe^^ and Al content,  and 
corresponding high Ti (Trdger, 1979, p. 63; Deer and others,  1976, p. 18)
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In most cases, d ispersion is  shown by incomplete e x t in c t io n .  Like 
magnetite, sphene appears to have had a long period o f  c r y s t a l l i z a t i o n .  
Textures reveal a large percentage c rys ta l  1iz e d , l i k e  a p a t i te ,  a f t e r  
pyroxene and before amphibole.
Plagioclase is  normally e i th e r  absent or const i tu tes up to 1 percent 
o f  the rock. In one case, however, a d ik e - l i k e  body contains about 
4 percent o f  the mineral.  The composition o f  plagioclase in th is  "dike" 
i s  A n Q . 3 -
P e r th i t i c  potassium fe ldspar was detected in two samples o f  
pyroxenite near the center o f  the complex. However in one case i t  
occurs in a vein about 3 mm wide, and immediately adjacent to t h is  vein 
in the in te r s t i c e s ,  poss ib ly  suggesting a la te-s tage in je c t io n .  An a l ­
ternate  explanation is  tha t  the potassium fe ldspar l i q u id  congregated 
and migrated away from i t s  host pyroxenite along passageways.
Epidote is  ubiquitous though subordinate (1-4%). I ts  d i s t i n c t i v e  
pleochroism — X = c le a r ,  Z = b r ig h t  limey yel low - -  and 2Va close to 
70° suggests i t  is an i r o n - r ic h  va r ie ty  (Trdger, 1979, p. 62). The 
high b i re f r ingence s im p l i f ie s  ready recognit ion of epidote as both a 
primary i n t e r s t i t i a l  phase and as an a l te ra t io n  product w i th in  p lag io ­
clase and espec ia l ly  pyroxene. The only other minerals noted are local 
p y r i t e  and rare,  t i n y ,  subhedral zircons which cause pleochroic  haloes 
in amphibole.
As stated e a r l i e r ,  textures support f i e l d  evidence fo r  the l a t e r  
evo lu t ion  o f  the amphibole pyroxenites. I t  appears c lear  th a t  zones
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o f  anhydrous pyroxenite and b i o t i t e  pyroxenite are cut by various 
species o f  apatite-magnetite-sphene-bearing amphibole pyroxenites. I t  
a lso seems c lea r  tha t  some un its  cross others as d i k e - l i k e  features.
Most i f  not a l l  formed by a deuter ic  or metasomatic a l te ra t io n  o f  
e a r l i e r  v a r ie t ie s  o f  pyroxenite.  Boundaries between rock types are in 
most cases gradational , and pods or segregation o f  one type in another 
are extremely common.
Paragenesis. Summarizing the in te rp re t i v e  paragenesis o f  the 
pyroxen ites,  i t  appears tha t  an u l t ram af ic  magma c r y s ta l l i z e d  anhydrous 
pyroxenite u n t i l  changing condi t ions led to the formation o f  mica 
pyroxenite and f i n a l l y  amphibole pyroxenite. A general ized mineral 
paragenesis is shown in Figure 8. V o la t i le s  and re la ted elements not 
present in the ea r ly  anhydrous pyroxenite emerge as important con­
s t i tu e n ts  during evo lu t ion  o f  the pyroxenite body.
Water, poss ib ly  p a r t l y  evolved from the primary magma but more l i k e l y  
derived from shallow crus ta l  sediments, is  essent ia l  to the development 
o f  mica. The low acmite content in pyroxene implies a low f e r r i c  iron 
concentrat ion in the o r ig in a l  magma. This in turn suggests low oxygen 
fu g a c i ty ,  or  a low water content.  Several fac tors  suggest nearly  a l l  
b i o t i t e  formed by replacement o f  pyroxene, probably through the act ion 
o f  la te -s tage f l u i d s .  Mica concentrations are i r r e g u la r  and sporadic.
They occur in patches and sometimes in layers roughly concordant with 
f low  f o l i a t i o n s  o f  the pyroxenite.  Borders w ith anhydrous pyroxenite 
are everywhere gradat iona l .  B io t i t e ,  normally brown in  co lo r  (imply ing
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Figure 8. Idealized paragenesis o f  minerals of the pyroxenites.
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higher temperature o f  formation r e la t i v e  to the la te r  green a l te ra t io n  
type ) ,  embays and dissects ind iv idua l  pyroxene c ry s ta ls ,  implying 
d i r e c t  replacement. I t  is also d i f f i c u l t  to imagine mica books one 
meter across forming with f ine -g ra ined  pyroxene c rys ta ls  d i r e c t l y  from 
a melt.  The pegmatite, considered to be a residuum from the pyroxenite 
system, has an anhydrous mineralogy. This is  perhaps due e i th e r  to an 
elevated temperature o f  formation which re s t r i c te d  the mafic const i tuents 
to pyroxene and garnet,  or more l i k e l y  to the absence or low concen­
t r a t io n  o f  H2O in the vapor phase. I f  so, th is  would place a fu r th e r  
con s t ra in t  on primary c r y s t a l l i z a t i o n  o f  b i o t i t e  in  the mica pyroxenite. 
The large amount o f  potassium necessary to form the b i o t i t e  is  believed 
to have come from the igneous system i t s e l f ,  s p e c i f i c a l l y  the potassium- 
r ich  syen ite .  At a much l a t e r  t ime, leaching by groundwater and possib ly 
some low temperature hydrothermal a l te ra t io n  transformed b i o t i t e  to 
h yd ro b io t i te  and ve rm icu l i te .  Boettcher (1966) dea l t  in depth with the 
formation o f  ve rm icu l i te  and h yd rob io t i te  from b i o t i t e  at the Rainy 
Creek stock. The presence o f  quartz sheets between b i o t i t e  p lates also 
serves as evidence o f  la te  aqueous a c t i v i t y .  In the mica pyroxenites, 
exso lu t ion o f  r u t i l e  w i th in  b i o t i t e  and o f  i lm en i te  (?) w i th in  pyroxene 
ind ica tes  a decreased capacity  f o r  these minerals to contain t i tan ium ,  
probably in response to a drop in temperature.
Later amphibole pyroxenites, also r ich  in water, contain more iron 
and grea te r  amounts o f  " v o la t i l e - r e la t e d  elements" such as TiOg, P2^5> 
and REE than e i th e r  the anhydrous or mica pyroxenites. An increase in
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a l k a l i  content w i th evolved pyroxenites is  evidenced in the development 
o f  b i o t i t e  fol lowed by the appearance o f  sodic rims on pyroxenes, the 
appearance o f  p e r t h i t i c  potassium fe ldspa r ,  and the h igh ly  a l b i t i c  
p lag ioclase seen in the amphibole pyroxenites. The mineral paragenesis 
pyroxene to b i o t i t e  to amphibole would not normally be expected with 
increased evolved or concentrated water. Perhaps a large increase 
o f  potassium a v a i l a b i l i t y  along with introduced water required b i o t i t e  
formation. Subsequent r e la t i v e  deplet ion in potassium may have fostered 
formation o f  amphibole-r ich pyroxenite.  Without high potassium a c t i v i t y ,  
pressure-temperature condit ions may have favored amphibole s t a b i l i t y .
Some amphibole pyroxenite appears magmatic, although most is  probably 
replacement. Everpresent, s ig n i f i c a n t  amounts o f  apa t i te  and magnetite 
a t te s t  to the ubiquitous in t roduc t ion  o f  at  leas t  phosphorus and iron 
in the amphibole pyroxenites.
The existence o f  a magma o f  such composition ( a l k a l i  pyroxenite) 
to y ie ld  the py roxen i t ic  rocks o f  Skalkaho may seem u n l ik e ly ,  p a r t i c u la r l y  
with regards to l iqu idus  re la t io n s  and hypabyssal p lu ton ic  cond i t ions.  
However, the pyroxenite su i te  as a whole is  enriched in v o la t i l e s  and 
elements such as PgOg and T i02 which are known to reduce l iqu idus  
temperatures. As in the case o f  calcium carbonate which was shown to 
s u f f e r  a dramatic drop in c rys ta l  1iz a t io n  temperature with add i t ion o f  
o the r  cons t i tuen ts ,  py ro xen i t ic  magmas may e x is t  under reasonable 
geologic  condi t ions when in so lu t ion  w ith  a s u f f i c i e n t  amount o f  added 
co n s t i tue n ts .  The exixtence o f  py roxen i t ic  magma is  a problem reminiscent
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o f  tha t  o f  the carbonat i te  magmas in the past and is  herein considered 
p la u s ib le .  Experimental work on a l k a l i c  u l t ram af ic  systems is  warranted.
Syen i t ic  Rocks
A lk a l i - f e ld s p a r  s y e n i te . A lk a l i - f e ld s p a r  syenite comprises the 
bulk  o f  the s y e n i t ic  complex. Var ie t ies  d i f f e r  mainly in percentage 
o f  mafic minerals which range from near zero to over 50 percent, and in 
tex tu re  which is commonly h igh ly  d i re c t io n a l  ( t rachy to id  fe ldspar or 
l in e a t io n  o f  mafics) but may range to massive. Stubby fe ldspar c rys ta ls  
genera l ly  about 10 mm long and smal ler in te rg ra nu la r  mafic minerals 
impart a blocky look to the rocks. Local ly  intense py ro lu s i te  s ta in ing  
imparts a black sheen to the normally wh i t ish -g ray  rock.
Potassium fe ldspar  is  the dominant f e l s i c  mineral in the rock. I t  
is a m ic rope r th i te  or ra re ly  p e r th i te  o f  the bra id ,  patch, s t r in g ,  or 
band va r ie ty  ( A i l i n g ,  1938, p. 142). In some samples, the fe ldspar is 
m ic roc l ine  with c h a ra c te r is t i c  ta r tan  twinning. Up to 15 percent twinned 
p lag ioc lase o f  composition A n ^g  in some cases exsolves along grain 
boundaries or w i th in  grains as d isc re te  blocks up to 0.25 mm across. 
C h a ra c te r is t i c a l l y  about 10 mm long, c rys ta ls  may be as small as a few 
mm or as large as 20 mm. Loca l ly  present is  minor primary plagioclase 
o f  composition near Ang_g
The mafic and accessory minerals genera l ly  occupy spaces between 
the fe ldspars (Plate 2b). Pyroxene grains averaging 0.5 mm across show 
moderate pleochroism - -  X = green, Y = l i g h t  green, Z = l i g h t  ye l low- 
green. A 2Vy o f  70° + 1° , and XAC between 34°-39° determined on the
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universal stage, ind ica te  the pyroxene is  enriched in a l k a l ie s ,  and is  
probably a s a l i t e  contain ing about 15 percent acmite molecule (Trdger,
1979, p. 83). Amphibole w i th  strong pleochroism - -  X = l i g h t  brown,
Y = l i g h t  green, Z = dark green to ra re ly  b lu ish green - -  and 2Va 
close to 55° is  probably a hornblende. Rare pale bluish-green rims may 
be a c t i n o l i t e  or may ind ica te  la te  sodium enrichment. The ra t io  between 
pyroxene and amphibole is h igh ly  va r iab le ,  and tex tu ra l  re la t ions  in ­
d ica te  tha t  at leas t  some amphibole replaces pyroxene. Traces o f  
b i o t i t e  w i th X = l i g h t  brown, Y = Z = dark o l i v e  green mixed w i th  orange- 
brown occur w i th in  amphibole grains and as anhedral books surrounded by 
fe ldspa r  gra ins.
Twinned a c icu la r  c rys ta ls  o f  sphene about 2 mm long are a character­
i s t i c  accessary in the a l k a l i - f e ld s p a r  syen ites,  and in  tha t  hab i t  i n ­
va r iab ly  d i f f e r  from the abundant sphene o f  the pyroxenite and pegmatite 
(P la te 2c). Sphenes sometimes enclose opaque minerals and are commonly 
associated with them as well as pyroxenes. Euhedral to subhedral stubby 
apa t i tes  are commonly about 1 mm across. Anhedral magnetite and pleochroic 
epidote with X = co lo r le ss ,  Z = b r ig h t  ye l low , are also major accessories. 
Tiny zircons surrounded by p leochroic  haloes in b i o t i t e  were noted.
Syenit e . Several v a r ie t ie s  o f  syenite contain ing 25-30 percent 
p lag ioc lase occur as minor phases throughout the outer part o f  the com­
plex and as apophyses w i th in  the Be l t  country rocks. Except f o r  a 
le u c ro c ra t ic  pegmatit ic  va r ie ty  with potassium fe ldspar megacrysts 
commonly 15 cm long, the syenites are r e l a t i v e l y  f ine -g ra ined
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(average 1-5 mm) compared with the a l k a l i  fe ldspar  syenites. Mafic 
minerals may be nearly  absent or may con s t i tu te  up to 25 percent o f  the 
rock.
M ic rope r th i te grains are most abundant and appear to be forming 
from genera l ly  smal ler  m icroc l ine c rys ta ls  which show well-formed 
ta r tan  twinning. Bra id,  s t r i n g ,  and ribbon per th i tes  are most common. 
P e r th i te megacrysts commonly show Carlsbad twinning.
Plagioclase grains show a lb i t e ,  p e r i c l in e ,  and Carlsbad tw inn ing,  
and normal zoning. Compositions measured vary between Ang and An^g. 
S l igh t  deformation is evidenced by minor bending o f  twinned c rys ta ls .
The mafics and accessories o f  the syenite are nearly id en t ica l  to 
those in the a l k a l i  fe ldspar  syenite. Pyroxene grains show a l i g h t e r  
co lo r  wi th the same pleochroic  scheme, and b i o t i t e  grains are uniformly 
green. In a s ing le sample o f  f l o a t  co l lec ted  on a s y e n i t ic  h i l l t o p ,  
coarse muscovite f lakes 15 mm or more across are bent and h igh ly  embayed 
by deformed plagioclase grains and potassium fe ldspar grains and mega­
c rys ts .  This may represent an e q u i l ib ra t in g  in c lu s ion ,  possib ly  re lated 
to the nearby Willow Creek stock, comprised in part  o f  muscovite granites
Two outcrops of quartz monzonite were found; one outside the 
northern boundary o f  the complex, and the other at  i t s  western margin. 
Although mafic and accessory minerals resemble those o f  the s y e n i t ic  
rocks, higher an o r th i te  content o f  the p lag ioc lase,  the presence o f  
quartz w ith  abundant myrmekite, and f i e l d  r e la t io n s ,  suggest th is  rock 
is  not d i r e c t l y  connected to the syen i te -pyroxen i te event. Quartz mon­
zon i te  occurs elsewhere in the region.
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Paragenesis . Inc lus ions o f  mafic minerals and accessories in 
fe ldspa r  grains o f  the syenites are sparse except near the edges o f  
the gra ins.  Relations between mafic minerals and accessories suggest 
near ly  simultaneous periods of c r y s t a l l i z a t i o n  fo r  these minerals, 
w i th  the possib le exception o f  the ea r ly  appearance o f  pyroxene and 
b i o t i t e .  Thus, c r y s t a l l i z a t i o n  in the syenites began with the formation 
o f  fe ldspar  and ended w ith  c r y s ta l l i z a t i o n  o f  a l l  minerals.
S l ig h t  deformation o f  the s y e n i t ic  rocks is  indicated by some 
bending o f  micas and p lag ioc lase ,  and minor mortar tex ture  in some 
samples. Cross-cut t ing  re la t ionsh ips  are common and complicated. 
Preferred o r ien ta t ion s  in fe ldspar  and mafic grains are in te rp re ted  as 
f low l in e a t io n s  since they normally occur where dikes or border zones 
are discernable. Numerous inc lus ions o f  Be lt  country rock and various 
igneous g r a n i t i c s ,  along with evidence f o r  frozen piecemeal stoping 
and in je c t io n  o f  s ye n i t ic  material between layers o f  the country rock, 
i l l u s t r a t e  the magmatic nature o f  the s y e n i t ic  rocks. No evidence 
suggesting t h i s  is  fe n i te  was detected.
In conclusion, the v a r ie t ie s  o f  s y e n i t ic  rocks are in te rp re ted  
to  have resu l ted  from progressive d i f f e r e n t i a t i o n  o f  an o r ig in a l  
a l k a l i - r i c h  s y e n i t ic  magma. Early syenites formed along the cooler 
borders o f  the complex while a l k a l i - f e ld s p a r  d i f f e re n t ia te s  general ly  
occupy more centra l  loca t ions .  Feldspars c r y s ta l l i z e d  ea r ly  with l a te r  
c r y s t a l l i z a t i o n  o f  fe ldspa r ,  mafics,  and accessories.
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Hybrid Rocks
In two places, both associated with p o i k i l i t i c  amphibole pyroxenite 
and both ly in g  very close to syen i te ,  a c h a ra c te r is t i c  pyroxene-potassium 
fe ldspa r  rock was encountered. In handspecimen, stubby dark-green 
c rys ta ls  up to 3 cm long together w i th  smaller greenish c rys ta ls  appear 
suspended in a white matr ix .  In some instances, intense weathering 
o f  mafic minerals has l e f t  a boxwork-type s t ruc tu re  o f  white fe ldspar.
One occurrence is located on the northern edge o f  the pyroxenite body 
less than 40 meters from a syenite outcrop to the north ,  in a zone r ich 
in amphibole pyroxenite and pegmatite. The other locale l i e s  w i th in  
the western lobe o f  syen i te ,  over 100 meters from the pyroxenite body. 
There, an iso la ted  patch o f  amphibole pyroxenite occurs w ith  some 
pyroxene-potassium fe ldspar rock.
M in e ra lo g ica l ly ,  the rock consists o f  about h a l f  m ic rope r th i te 
forming extensive continuous p o i k i l i t i c  patches. Pyroxene, w ith some 
amphibole and minor garnet, sphene, a p a t i te ,  magnetite, and epidote, 
appears randomly d is t r ib u te d  w i th in  the fe ldspar .  A slab stained fo r  
potassium fe ldspar  shows a s t r i k i n g  b r ig h t  ye l low and green pat te rn .
The pyroxene is moderately zoned from l i g h t  green to ra re ly  c lear  
cores to darker rims w i th  X = green, Z = ye l low ish  green. The zoning 
is complex with i r regular-shaped cores, suggesting e i th e r  ear ly  re­
sorpt ion with l a t e r  overgrowth or possib ly non-uniform peripheral 
replacement o f  one pyroxene by another. In some instances, pyroxene 
is  a l t e r in g  to amphibole, garnet,  epidote, and magnetite. Amphibole
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with X = l i g h t  brown, Z = dark green forms o p t i c a l l y  continuous 
patches w i th  included remnant pyroxene gra ins. Garnet is iso t ro p ic  
and l i g h t  orange-brown. Epidote is  i r o n - r ic h  (X = c le a r ,  Z = ye l low ) ,  
and sphene forms long, a c ic u la r ,  twinned c rys ta ls .
Possibly re la ted  to these hybrid rocks are the very m af ic - r ich  
syenites o r  a l k a l i - f e ld s p a r  syenites which appear concentrated near the 
py roxen ite -syen i te  border. The dominant mafic mineral is  general ly  
amphibole, which in some areas shows a very strong f low l in e a t io n .  With 
extreme weathering, a l i g h t  black so i l  develops which is  ea s i ly  confused 
with the s o i l s  developed on rocks o f  the pyroxenite clan. The possible 
o r ig in  and s ign i f icance  o f  t h is  rock type is  discussed below.
Pegmatite
The r e l a t i v e l y  re s is ta n t  pegmatite outcrops as blocks sporad ica l ly  
poking out o f  the ground or  as l in e a r  zones and iso la te d ,  lo c a l l y  
anastomozing patches w i th in  pyroxenite. I t  appears to be l im i te d  to 
the northern and northeastern parts o f  the pyroxenite body with the bulk 
forming the knob immediately south o f  Skalkaho Mountain. M inera log ica l ly  
s imple, the rock is chemically  unusual and, together w ith the s im i la r  
pegmatite at Rainy Creek, is possib ly unique. A l i t e r a tu r e  search fa i l e d  
to locate any descr ip t ion  o f  a s im i la r  occurrence. Feldspar and 
pyroxene are in v a r ia b ly  present in subequal amounts, with varying per­
centages (0-20%) o f  garnet and sphene. Less than one percent magnetite 
occurs l o c a l l y .  Apat i te  concentrat ion is va r iab le .  Point counting was 
conducted on outcrops using a 1/4" mesh wire screen. The resu l ts  o f
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counts on e igh t  outcrops along with to ta l  counts to approximate an 
"average" sample are shown in Table 2.
Table 2. Pegmatite Point Counts
Sampl e #1 #2 #3 #4 #5 #6 #7 #8 # %
fe ldspar 274 442 218 369 462 354 412 262 2793 38.6
pyroxene 384 288 254 310 301 371 360 239 2507 34.6
garnet 2 8 98 270 126 102 130 87 823 11.4
sphene 67 40 81 82 102 74 69 56 581 8.0
c a v i t ie s -------- 8 --- -------- 14 2 4 —  — 28 0.4
pyroxeni te —  — 265 79 160 —  — 504 7.0
to ta l 727 1061 651 1031 1005 982 1135 644 7236 100.0
A l b i t i c  p lagioclase is  the most common fe ldspar ,  commonly Anp 
but ranging to An^^. Normal zoning is  pronounced enough to see in 
handsample. A lb i te  tw ins ,  l o c a l l y  taking on a checkerboard character,  
are s l i g h t l y  bent in d ic a t in g  minor pos t -c rys ta l  1iza t ion  s tress.  A n t i -  
p e r th i te  is  also widespread, but genera l ly  makes up less than about 
25 percent o f  the rock. This mineral s ta ins poorly wi th sodium 
c o b a l t i n i t r i t e .  P e r th i t i c  orthoclase occurs on ly spo rad ica l ly .  In 
both these b im in e ra l ic  fe ldspars ,  the r a t io  o f  sodic p lagioclase to 
potassium fe ldspar  is genera l ly  near un i ty .  Trace amounts o f  magnetite.
4 5
sphene, and epidote are the only inc lus ions .  A l l  feldspars occupy i n ­
t e r s t i t i a l  spaces or are enclosed in garnet or  pyroxene.
Pyroxene c rys ta ls  genera l ly  a few centimeters long may exceed 
lengths o f  20 or more centimeters. In handsample, some have darker 
cores which are seen in th in  sect ion to be r e la t i v e l y  unaltered and pure, 
s l i g h t l y  p leochro ic pyroxene w i th  X = dark green, Z = l i g h t  s l i g h l y  
ye l low  green, 2Vy- 64°, and XAC around 32°. The rims on these grains 
are l ig h te r - c o lo re d  due to abundant included feldspars and epidote, 
w i th  magnetite and some sphene. The epidote-magnetite-sphene assemblage 
is  p a r t i c u l a r l y  common where garnet abuts the pyroxene. Pyroxene- 
fe ldspa r  gra in boundaries are ragged with fe ldspar  embaying pyroxene. 
This suggests e i th e r  d iseq u i l ib r ium  condit ions or simultaneous 
c r y s t a l l i z a t i o n  o f  fe ldspar and pyroxene in the la te r  stages o f  pyroxene 
formation.
Black, euhedral garnets up to 6 cm across commonly nucleated on 
pyroxene c rys ta ls  (see Fig. 5). Dark reddish-brown in th in  sec t ion ,  
these garnets in v a r ia b ly  have growth r ings defined by changes in co lor  
i n te n s i t y  and or iented inc lus ions o f  fe ldspars .  A s p e c i f ic  g ra v i ty  o f  
3.77 and a un i t  ce l l  edge o f  12.006 m ind icates the garnet is  andradite 
73 percent, g ro ssu la r i te  27 percent (J. P. Wehrenberg, 1979). Titanium 
content is  low.
Euhedral sphene c rys ta ls  a t ta in in g  diameters o f  2 cm are e i th e r  
honey-colored or  yel lowish-green and have a resinous lu s te r .  Sections 
through c rys ta ls  are c h a r a c te r i s t i c a l l y  wedge-shaped.
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I r o n - r i c h  epidote, pleochroic  X = co lo r le ss ,  Z = ye l low, occurs 
w i th in  pyroxene and fe ldspar  grains and as i n t e r s t i t i a l  c rys ta ls .
Within pyroxenes, i t  is  commonly associated with euhedral magnetite. 
Traces o f  b i o t i t e  with X = l i g h t  brown and Y = Z = dark orange-brown 
occur w i th  fe ldspar  patches. Traces o f  amphibole (X = l i g h t  brown, Z = 
dark green to blue-green) appears as o p i t c a l l y  continuous patches in 
la rge pyroxene gra ins .  Apat i te  c rys ta ls  averaging 1.5 mm across normally 
account f o r  less than a percent o f  the rock.
M ia r o l i t i c  ca v i t ie s  up to 4 cm across are extremely common in the 
pegmatite. Although the c a v i ty  wal ls  are commonly bounded by fe ldspar 
faces, garnet,  pyroxene, and sphene c rys ta ls  lo c a l l y  j u t  in to  the spaces. 
In one instance, euhedral emerald-green epidote tab le ts  grew in a 
c a v i ty .  The low f e r r i c  iron content o f  pyroxene w i th in  the pegmatite 
as well  as the pyroxenite implies a low water content (low fg^) in the 
system. These m ia r o l i t i c  c a v i t ie s  are therefore  in te rp re ted  to r e f l e c t  
a C02- r i c h  v o l a t i l e  phase. Two-phase f l u i d  inc lus ions are common.
Inc lus ions o f  a l l  three types o f  pyroxenite were seen w i th in
pegmatite masses. These served as nucléat ion s i tes  f o r  pegmatit ic  
pyroxene c ry s ta ls  which rad ia te outward from the pyroxenite. In a 
s im i la r  fash ion ,  where pegmatite t ransects pyroxen ite ,  the e a r l i e r  
pegmati t ic  pyroxene is  or iented perpendicular to the country rock 
contact.  This gives a comb s t ruc tu re  to narrow pegmatit ic  dikes.  The
dikes are zoned inward from pyroxenite country rock (o f ten a crumbly
s o i l ) ,  to indurated pyroxen i te ,  to a zone r ich  in pegmatite pyroxene.
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to a garnet-sphene zone, to a fe ldspar core contain ing m ia r o l i t i c  
c a v i t ie s  (see Fig. 5). In one case, f o l i a t i o n  o f  wall rock pyroxenes 
suggests shearing along a zone which then acted as a passageway fo r  
pegmat i t ic  f l u i d s .  Mineral paragenesis in the dikes p a ra l le ls  tha t  in 
the pegmatite proper: ea r ly  pyroxene y ie ld in g  to garnet and f i n a l l y  
i n t e r s t i t i a l  fe ldspars and epidote. Moderate overlap is  apparent, 
and minor sphene corre la tes  roughly w i th  garnet c r y s ta l l i z a t i o n .
Apat i te  phase. An a p a t i t e - r i c h  va r ie ty  o f  pegmatite is  abundant 
enough to be obvious in the f i e l d .  In handsample o r  th in  sect ion,  the 
percentage o f  apa t i te  is  e a s i ly  estimated at 30-50 percent. I t  occurs 
as white c rys ta ls  1-3 mm across and 5-20 mm long which appear 
p o i k i 1 i t i c a l l y  included in v i r t u a l l y  a l l  minerals o f  the normal 
pegmatite (Pla te 2d). The long c rys ta ls  are commonly skeleta l  (Plate 3a), 
enclosing the same major minerals o f  the pegmatite. The apa t i te  is 
b ia x ia l  with 2V approximately 10°. I t  is  euhedral to  nearly euhedral.
The ap a t i te  phase occurs in two forms. The f i r s t  is  as iso la ted  
amoeboidal patches w i th in  the pegmatite; the second as d i s t i n c t  d ike­
l i k e  features running through the pegmatite and cu t t in g  ind iv idua l  
mineral c rys ta ls  w i th in  i t .  Large s ing le  euhedral garnets, f o r  instance, 
may contain up to  50 percent apa t i te  c rys ta ls  p o i k i1i t i c a l l y  enclosed 
in one h a l f  whereas the other side o f  the garnet, outside o f  the "d ike" 
t rend,  may be nearly pure (Pla te 3b).
A pyroxenite inc lus ion  from a zone o f  a p a t i t e - r i c h  pegmatite was 
seen in th in  sect ion to contain about 15 percent or more ac icu la r  apa t i te
Plate 3a: Photomicrograph showing
skeletal nature (here in cross- 
section) o f  apat ite in apat ite- 
phase of pegmatite. Dark areas 
are garnet.
I________
1 mm
Plate 3c: Photomicrograph showing inter-
growth of ca lci te and 
magnesiohastingsi te.
Crossed polars.
I
1 mm
Plate 3b: Photograph showing apati te
phase cutt ing individual garnet 
crystal  o f  pegmatite.
Apatite phase const itutes the 
upper ha l f  of the photograph. 
Penny fo r  scale.
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c ry s ta ls .  Except f o r  a percent o f  i n t e r s t i t i a l  p lagioclase and one 
la rge i n t e r s t i t i a l  patch o f  sphene, t h is  rock is  composed wholely o f  
a p a t i te  and pyroxene. The pyroxene cores are iden t ica l  to the pyroxene 
o f  the anhydrous pyroxenite.  The rims are much darker green and have 
a higher ZaC angle.
The genesis o f  t h i s  tex tu re  is  unclear. Skeletal hab i t  suggests 
rap id  c r y s t a l l i z a t i o n  from a melt (Wyl l ie  and others,  1962; Watkinson, 
1970). S ke le ta l ,  ac icu la r  apa t i te  c rys ta ls  have been reported from a 
number o f  carbonat i te  complexes such as at Oka, Quebec (Watkinson, 1970), 
Chishanya, Southern Rhodesia (He inr ich ,  1966, p. 177), Ka isers tuh l ,
West Germany (He inr ich ,  1966, p. 433), and Oldoinyo Lengai in A f r ica  
(Donaldson and Dawson, 1978). The ske le ta l  nature o f  the apa t i te  and 
i t s  unique inc lus ion  nature suggest perhaps a replacement o r ig in  fo r  
some o f  the pegmatite or possib ly  i n i t i a l  rapid c r y s ta l l i z a t i o n  o f  an 
a p a t i te  skeleton w i th in  the pegmatit ic l i q u id  with subsequent c r y s t a l l i ­
za t ion o f  o ther  minerals around th is  framework. C lear ly ,  more work is 
needed to assign a genesis to th is  rock va r ie ty .
Carbonati te (?)
Two types o f  vein l i k e  carbonate cut pyroxenite.  The f i r s t  is  
associated w ith  s i l i c a  e i t h e r  as boxwork opal or  chalcedony-type material 
or  as c le a r  to w h i t ish  quartz which commonly forms we l l - te rm inated 
c ry s ta ls  w i th in  vugs. The carbonate material is  c h a ra c te r i s t i c a l l y  
pure,snow-white, coarse-grained cal ci te ,  although in one locale i t  was
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an orange-brown a n k e r i t i c  carbonate. These quartz-carbonate bodies 
contain e s s e n t ia l l y  no accessory minerals except f o r  quartz and fe ldspar ,  
and they form sharp contacts w i th  non-altered mica pyroxenite. In some 
cases, an ochre-colored a l te ra t io n  is  pronounced. These v e in - l i k e  
bodies are in te rp re ted  to be typ ica l  hydrothermal deposits,  probably 
in d ic a t iv e  o f  p o s t - in t ru s iv e  hot spring type a c t i v i t y .
The o ther  va r ie ty  o f  carbonate poses a more perplexing problem. 
Mostly medium-grained c a lc i t e  intergrown with a blue pleochroic amphibole 
(P late 3c),  these d ike-  or v e in - l i k e  forms nowhere show sharp contacts 
with py ro xen i t ic  wall rock. Instead, the amount o f  amphibole commonly 
increases in to  the outward grading to the encasing rock. The carbonate 
is  c a l ci te ,  conta in ing no detectable Sr, Ba, o r  Mn, when analyzed w ith  
a carbon-arc spectroscope. I t  is in most cases medium-grained through­
ou t ,  but one body contains subangular fragments o f  an extremely f i n e ­
grained, banded va r ie ty .
The amphibole is  s t rong ly  p leochro ic ,  X = co lor less to pale green,
Y = pale blue-green, Z = blue-green, with a f ibrous rad ia t ing  hab i t .  
Universal stage measurements revealed a 2Va = 72° and a ZAC between 
30° and 32°. I t  is  length-s low, shows moderate d ispers ion,  and has an 
o p t ic  plane or iented p a ra l le l  to (010). The a-ax is  has a re f ra c t iv e  
index o f  1.527° + 0.001°C. Based on these data, the amphibole is  
probably magnesiohastingsite (Troger, 1979, p. 96). X-ray d i f f r a c t i o n  
data corroborate t h is  i d e n t i f i c a t i o n .  Quartz, fe ldspar ,  p y r i te ,  and 
a low b r ie f in g e n t  mineral forming f ib rous aggregates are rare. These
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accessories were concentrated with the blue amphibole by d isso lv ing  a 
chunk o f  the rock in hydroch lor ic  acid. The non-soluble residue con­
s t i t u t e d  about 6 percent by volume o f  the o r ig in a l  rock, with amphibole 
c o n s t i t u t in g  about 90 percent o f  t h i s .
Magneseohastingsite is common in a l k a l i c  igneous rocks inc lud ing 
d i o r i t e ,  gabbro, and pyroxen ite ,  and is  less common in nepheline 
syen i te ,  a l k a l i  syen i te ,  nordmarkite, and a lk a l i  g ran i te  (He inr ich ,  
1965, p. 269). I t s  re la t i v e  has t ings i te  occurs in carbonat ite 
(He in r ich ,  1966, p. 159). Although the ava i lab le  data are i n s u f f i c ie n t  
to  s ta te  conc lus ive ly  the genesis o f  t h i s  carbonate type, the gradual 
contacts ,  the lack o f  vugs, opal ine quartz ,  adu la r ia ,  or  o ther hydro- 
thermal in d ic a to rs ,  and the presence o f  has t ings i te  argue against a 
hydrothermal o r ig in .  The form o f  the bodies precludes t h e i r  being i n t e r ­
preted as in c lu s ion s ,  and the massive tex ture  does not favor rheo- 
morphosed carbonate. I t  is  concluded tha t  these bodies may be carbon­
a t i t e  in t ru s io n s .  The abundance o f  ap a t i te  and magnetite in  the complex 
and i t s  a l k a l i c  nature is compatible w i th ,  i f  not suggestive o f ,  the 
carbonat i te  assoc ia t ion .  I t  is  odd tha t  these minerals are not abundant 
in the carbonate, but perhaps the condi t ions during c rys ta l  1 iza t ion  at 
th is  level did not favor t h e i r  format ion,  or  perhaps they had c r y s ta l l i z e d  
much e a r l i e r .
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Trachyte
Al k a l i - r i c h  t rachyte  dikes e x is t  as two r idge-forming bodies 25 
meters wide and 40 meters wide and as a few smal ler dikes. A l l  bodies 
are nearly v e r t i c a l  and t ransect  pyroxenite in a general north-south 
d i re c t io n .  The l i g h t  gray rock where f resh forms p i les  o f  blocky ta lus 
downslope from dikes. In handsample, a few phenocrysts o f  fe ldspar and 
amphibole less than 3 mm long may be seen in the aphanit ic  groundmass 
along with up to 10 percent vesic les reaching to 10 mm long. In the 
25 meter-wide dike these vesic les are f la t te n e d ,  de f in ing a f low f o l i a t i o n  
p a ra l le l  to the trend o f  the dike. The country rock adjacent to th is  
dike is the f o l i a t e d  b i o t i t e  pyroxenite mentioned e a r l i e r ;  i t s  f o l i a t i o n  
p a ra l le l s  tha t  o f  the t rachyte .
The major phenocryst in the dikes is  euhedral sanid ine, which t o ­
gether w i th  xenocryst ic  p lag ioclase cons t i tu tes  about 5 percent o f  the 
rock. Phenocrysts are a few mm across and form qlomeroporphyrit ic  
c lu s te rs .  Sanidine has 2Va = 12° and the o p t ic  plane p a ra l le l  to (010). 
This ind icates a s t ruc tu re  w i th  36 percent a l b i t e  (Troger, 1979, p. 123). 
Xenocrystic p lag ioc lase ,  which shows a lb i t e  and minor Carlsbad twinning 
and is  s l i g h t l y  normal zoned, l o c a l l y  in o s c i l l a t o r y  fashion, averages 
An^Q. Crystals are normal ly s l i g h t l y  embayed, appearing out o f  e q u i l i ­
brium with  the groundmass.
Minor phenocrysts include pleochroic amphibole w i th  X = l i g h t  brown 
and Z = dark o l i v e  green, and b i o t i t e  w ith  X = medium brown and Y = Z =
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very dark brown. The amphibole occurs so le ly  as phenocrysts in the 
rock whereas b i o t i t e  is  enclosed in amphibole and sanidine phenocrysts 
in  add i t ion  to forming iso la ted  phenocrysts.
Zoned potassium fe ldspar  la ths about 0.1 mm long, lo c a l l y  showing 
ske le ta l  form, c o n s t i tu te  the bulk o f  the groundmass. Up to 10 percent
p lag ioc lase o f  undetermined composition and low r e l i e f  is  present. A
few percent magnetite and p a r t i a l l y  d e v i t r i f i e d  glass form the remainder 
o f  the rock. Vesicles are lo c a l l y  f i l l e d  by secondary quartz or 
ra d ia t in g  clumps of a probable z e o l i te .  Around some vesic les is a 
bleached zone about 0.5 mm wide.
The t rachyte  dikes appear to have a mineralogy very s im i la r  to tha t
o f  the a l k a l i  syen ite .  Such extremely potassium-rich rocks are un­
common in the region. These fa c ts ,  together w i th  the l im i t a t i o n  o f  the 
t rachyte  to areas o f  pyroxen ite ,  suggests the dikes are magmatically 
re la ted  to the complex. They may represent a venting o f  the syenite 
fo l lo w in g  at leas t  p a r t ia l  conso l ida t ion  o f  the pyroxenite. I f  so, the 
dike contact represents the only  d e f in i t e  contact between s y e n i t ic
mater ia l  and the pyroxenite body.
Fenite
F e n i t iza t io n  is  t y p i c a l l y  an a l k a l i  (genera l ly  sod ic ) -  f e r r i c
i ron  metasomatism o f  country rock wherein a l k a l i  feldspars replace
o r ig in a l  quartz ,  potash fe ldspar  is clouded, a l b i t i z a t i o n  o f  p lagioclase 
occurs, and mafics are a l te red  to aegerine or a l k a l i  amphiboles 
( J o p l in ,  1968). F e n i t iza t io n  as a type o f  wall  rock a l te ra t io n  is "so
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c h a ra c te r i s t i c  tha t  i t s  recogni t ion always cons t i tu tes  prerecognit ion 
o f  the presence o f  an adjacent a l k a l i c  in t ru s iv e "  (Stanton, 1972).
Zones o f  f e n i t i z a t i o n  normally extend w i th in  a few hundred meters o f  
the in t ru s iv e  although th is  distance varies g re a t ly ,  probably as a 
func t ion  o f  COg content and degree o f  a l k a l i n i t y .
The Be lt  metasediments surrounding the Skalkaho complex were ex­
amined c lose ly  in the f i e l d  f o r  any signs o f  contact e f fe c ts .  Several 
th in  sections o f  country rock adjacent to the in t ru s iv e  rocks were also 
examined. No evidence o f  f e n i t i z a t i o n  may be seen associated with the 
s y e n i t i c  in t ru s iv e s ,  however one in te re s t in g  tex ture  was noticed. 
Scapo l i te ,  which is  common in the regional metamorphosed Wallace For­
mation, in some cases forms p o i k i l i t i c  white ba l ls  measuring up to 5 mm 
in diameter (Presley, 1970, p. 56). A sample o f  country rock taken 
from w i th in  100 meters o f  the syenite contact showed white c lo ts  from 
5-10 mm across ly ing  in a l i g h t  green groundmass. Microscopic examination 
revealed the white c lo ts  to be not scapo l i te  but f ine -g ra ined  aggregates 
o f  quartz and potassium fe ldspar  with minor p lagioclase and myrmekite.
The matr ix  was composed o f  s im i la r -s iz e d  grains o f  pyroxene with sub­
ord ina te  b i o t i t e ,  p o i k i l i t i c  sca p o l i te ,  p lag ioc lase ,  potassium fe ldspar ,  
quartz ,  and epidote. There is no evidence o f  f e n i t i z a t i o n .  The rock 
may be a va r ie ty  o f  spotted hornfe ls  w ith  reversal o f  the common pattern 
which in v a r ia b ly  shows mafic spots in a l ig h te r -c o lo re d  matr ix .
In one roadcut immediately south from Skalkaho Mountain, near the 
in fe r re d  pyroxen ite-country  rock contact ,  a dike o f  amphibole pyroxenite
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in trudes a dark-green rock in te rp re ted  to be fe n i te .  Very near the 
pyroxenite in t ru s iv e ,  the rock is a hard, medium-green species with 
d isc re te  concentrat ions about 10-30 mm across, composed mostly o f  
fe ldspar  w i th  coarse c ry s ta ls  o f  dark reddish-brown garnet and emerald- 
greenish pyroxene extending in to  i t  from the surrounding matr ix .  Pro­
gressing outward from the in fe r red  contact is a gradual increase in 
composit ional laye r ing  and textures typ ica l  o f  the country rock. Ap­
proximate ly 100 meters from the contact is  unaffected Wallace ca lc-  
s i l i c a t e  rock.
The pyroxene o f  the f e n i t e ,  varying from 0.1 to 0.2 mm across, is  
a co lor less  to s l i g h t l y  green diopside w ith  a ZAC o f  41°. This is 
t y p ic a l  o f  the c a l c - s i1 ica te  metasediments in the area which have reached 
the amphiboli te fac ies (LaTour, 1974; Presley, 1970). Uncommon, yet  
in d ic a t iv e  o f  metasomatism, is the development o f  rims showing s l i g h t  
pleochroism in 1imey-yellow-greens. The garnet o f  the fe n i te  is  an 
anhedral is o t ro p ic  mineral general ly  nearly co lor less  to a very pale 
yellow-brown in th in  sect ion.  Ca lc i te  cons t i tu tes  about 10 percent o f  
the rock as does garnet,  and the two seem to  be concentrated w i th in  cer­
ta in  layers .  A few percent o f  p e r t h i t i c  potassium fe ldspar and 10 per­
cent o r  so a lb i t e  form large (up to 30 mm) p o i k i l i t i c  patches contain ing 
the o ther  minerals . Some patches o f  s l i g h t l y  checkerboard-twinned 
a l b i t e  appear to have cores o f  p e r th i t e  characterized by patch-type twins 
This tex tu re  may r e f l e c t  widespread a l b i t i z a t i o n .  Accessory minerals 
include 1-2 percent sphene and traces o f  magnetite.
57
The composit ional laye r ing ,  the p a ra l le l ism  o f  layer ing with 
adjacent country rock la ye r in g ,  an appearance d i f f e r e n t  from that  o f  
any pyroxen i te ,  and minéralogie s im i l a r i t y  to Wallace c a l c - s i1icate 
rock establ ishes th a t  t h i s  u n i t  is  indeed country rock. Amphibole 
pyroxenite c le a r l y  cross-cuts the compositional laye r ing ,  which probably 
r e f le c t s  o r ig in a l  bedding. The rock i s ,  however, not simple Wallace 
Formation. Plagioclase is a lb i te  as opposed to  the common plagioclase 
(An3o_7o) o f  the metasediments, and the pyroxene has local development 
o f  yel low-green rims. Both features appear a re su l t  o f  sod ium-ferr ic  
i ron  metasomatism o f  the country rock associated with the adjacent 
pyroxenite in t ru s io n .  The degree o f  f e n i t i z a t i o n ,  however, is  s l i g h t .
CHAPTER IV 
CHEMISTRY
Sorensen (1974) i l l u s t r a t e d  the confusion surrounding the term 
"a lk a l in e "  through a f iv e  page survey o f  h i s to r i c a l  d e f in i t i o n s .  Various 
o f  these d e f in i t i o n s  may be used to apply th is  un for tunate ly  ambiguous 
term to  the igneous rocks o f  the Skalkaho complex. The most evident 
path is a mineralogical one. The pyroxenites are composed c h ie f l y  o f  
pyroxene, a genera l ly  s i l i c a -s a tu ra te d  minera l,  and b i o t i t e ,  an a l k a l i -  
r i c h  s i l i c a t e .  The s y e n i t ic  rocks are enriched in potassium fe ldspar.
No quartz or  fe ldspatho ida l  minerals were apparent. The a lk a l in e  rocks 
at  Skalkaho are, perhaps a t y p ic a l l y ,  more enriched in a lka l ie s  than 
depleted in s i l i c a .
Five pyroxenites and four  s y e n i t ic  rocks were chemically analyzed 
by the Los Alamos S c ie n t i f i c  Laboratory (Table 3). The reported cat ion 
weight parts per m i l l i o n  (ppm) are shown ca lcu la ted to major-oxide percents 
in Table 4a. S i l i c a ,  not analyzed, is  assigned an approximate value 
equ iva len t  to the d i f fe rence  between 100 percent and the sum o f  the 
o ther  oxide percents shown. Also shown in Table 3 are analyses f o r  a 
t rachyte  d ike,  a " v e rm ic u l i te"  from the mine area in mica pyroxenite 
on ABM r idge ,  and a sphene separate from the pegmatite.
The e igh t  major rock analyses converted to oxide percents appear 
as CIPW normative analyses in Table 4b. From these, i t  is  ev ident
58
59
Tabic 3. C lirn lc jl  (in ' i çilit p.iiti pcrnlllion) ?;■ n . i M v c  sicn I m l i c . U c s  naxirû  valuo.
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Table 4a. Whole Rock Oxide Analyses
Sample # 27B 134 20 56A 95 4C 32 14B
S i02 54.64 48.42 51.14 56.42 66.85 68.61 66.52 68.37
TiOg .87 .99 .78 2.95 .14 .39 .09 .83
AI2O3 32.4 6.53 5.14 3.94 18.95 17.07 19.37 13.46
FeO 6.68 3.96 7.22 14.59 .67 1.58 .20 4.40
CaO 19.00 15.59 16.32 14.01 . 50 2.15 .44 3.63
MgO 13.97 21.27 16.80 6.39 . 56 .71 .61 .87
MnO .32 .14 .22 .26 .02 .09 .01 .16
Na20 .62 .80 1.02 .64 2.71 2.60 3.55 2.11
K2O .67 2-31 1.35 .80 9.63 6.81 9.23 6.34
Table 4b. CIPW Normative Calculat ions (Johannsen, 1939)
Pyroxenites
#27B Q 1.26 #134 or 7..23 #20 or 7.78 #56A Q 14.76
or 3.89 ab 10 .90 ab 4.19 or 5.00
ab 5.24 an 3.,69 an 5.56 ab 5.24
an 4.17 di 46..80 ne 2.27 an 2.78
di 71.96 ol 26..27 di 60.48 di 55.78
ol 11.74 i l  1 .,82 ol 18.12 ol 10.37
i l  1.67 cs 3..27 i l 1.52 i l 5.62
Syenit ic  Rocks
#95 Q 11.88 #4C Q 18 .90 #32: Q 9.18
or 56.71 or 4U,.03 or 54.49
ab 23.06 ab 22 .01 ab 29.87
C 3.16 an 14 .07 C 2.75
hy 2.46 di 0 .92 hy 1.06
i l  0.30 hy 4 .15 i l 0.15
i l  0.76
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t h a t  w i th in  the pyroxenite body, the anhydrous pyroxenite is  nearly 
s i l i c a  saturated,  the mica pyroxenites are moderately to h igh ly  under­
sa tu ra ted ,  and the amphibole pyroxenite analyzed is  oversaturated.
The s y e n i t i c  rocks are a l l  oversaturated. Because the percentages 
used f o r  these ca lcu la t ions  involved the s i l i c a  maxima derived through 
d i f fe re n c e ,  the normative values probably represent a maximum quartz- 
normative analys is .  Nevertheless, the bulk o f  the pyroxenites are t r u l y  
undersaturated and the s y e n i t ic  rocks are probably oversaturated.
CHAPTER V 
PETROGENESIS OF THE COMPLEX
Comagmatism and Contemporaneity
As establ ished above In a discussion o f  f i e l d  re la t io n s ,  the 
Skalkaho complex was c le a r l y  intruded as a magma. Any hypothesis con­
cerning i t s  o r ig in  must accommodate the consanguineous and contem­
poraneous re la t io n sh ip  which ex is ts  between the pyroxenite and syenite 
masses.
Evidence f o r  comagmatism fo l lows several l ines  o f  reasoning. 
Chemically, both rock types e x h ib i t  an a lka l in e  composit ion, being 
enriched in potassium. Neither quartz nor fe ldspatho ida l minerals occur 
in e i t h e r  mass. S im i la r  rocks do not occur elsewhere in the immediate 
reg io n .
Mineralogical s im i l a r i t i e s  abound, p a r t i c u la r l y  in the mutual 
occurrence o f  sphene, a p a t i te ,  magnetite, and primary (?) epidote. 
Percentages o f  a l l  minerals vary between s y e n i t i c  and py roxen it ic  
f r a c t io n s ,  which re f le c ts  elemental p a r t i t i o n in g  by some method. Mafic 
minerals in the syenites bear strong resemblance to those o f  the pyro­
xen i tes ,  except f o r  the s l i g h t l y  more acmit ic  nature o f  the pyroxene, 
which is sure ly  due to e q u i l ib ra t io n  with the increased a lk a l i  content 
o f  the syen ite .  Plagioclase w i th in  the pyroxenite is  unusually low in 
calcium and in some cases a t ta ins  a nearly pure, a l b i t i c  nature. Rare
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p e r t h i t i c  potassium fe ldspar  in the pyroxenite is  also s im i la r  to tha t  
o f  the syen ite .
F in a l l y ,  the remarkable ju x ta p o s i t io n  o f  the syenite and pyroxenite 
requires some special considerations fo r  emplacement. The r ing ing dual 
horseshoe character o f  the syenite around the pyroxenite in a region 
where such a lka l in e  rocks are not common s trong ly  suggests f i rm  contro ls 
on in je c t io n  o f  the magmas and some genetic re la t io n sh ip .  Coupled with 
evidence c i te d  above, t h is  suggests the syenite and pyroxenite must be 
comagmatic.
Contemporaneity o f  p lu ton ic  rocks is  d i f f i c u l t  to i l l u s t r a t e .  Unlike 
cases o f  extruded basal t  and r h y o l i t e  magmas which show such features 
as mixed welded t u f f s ,  banded pumice, and composite dikes and f lows, a 
negative so r t  o f  evidence must be u t i l i z e d .  I f  im m is c ib i l i t y  played 
a major ro le  in l i q u id  separat ion, time has been s u f f i c ie n t  to al low 
conso l ida t ion  o f  the divergent f ra c t io n s .  This would o b l i t e ra te  
evidence such as globules or o c e l l i  common in some dikes and flows in 
o ther  a lk a l in e  occurrences. At Skalkaho, no c ross -cu t t ing  re la t io n s  are 
seen between the syenite and pyroxenite which would ind icate  disparate 
temporal re la t io n s .  No apophyses o f  one in the other occur except fo r  
several t rachyte dikes which cut only  the pyroxenite. These dikes, 
which are chemically and mineralogi c a l l y  s im i la r  to the syen ite ,  are 
in te rp re ted  as features which represent venting o f  the syenite through 
more conso l ida ted ,over ly ing  pyroxenite.  Nowhere do sharp borders 
separate the syenite and pyroxenite nor do c h i l l  zones. A f in in g  in
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grain size is  ev ident ,  however, in the syenite near the country rock 
contac t .  Instead o f  sharp contacts,  e i th e r  increases in mafic content 
o f  the syenite or  the unusual hybrid rock appear to separate syenite 
and pyroxenite masses. A contemporaneous re la t io n sh ip  fo r  the two main 
rock masses thus appears l ike ly .
Several types o f  events may lead to the ju x ta p o s i t io n  o f  magmas as 
composi t iona l ly  divergent as syenite and pyroxenite. Because o f  the 
comagmatic nature o f  these rock bodies at Skalkaho, several o f  these 
events may be ruled out ,  namely the chance convergence o f  two completely 
unrelated magmas and the de r iva t ion  o f  a d iscre te  s y e n i t ic  magma 
through crusta l  melt ing by a r i s in g  pyroxen i t ic  l i q u id -  This l a t t e r  
method poses problems in the de r iva t ion  o f  a primary pyroxen i t ic  magma 
as well as in the necessar i ly  chance chemical and mineralogical 
s i m i l a r i t i e s  which now e x is t  between the resu l tan t  rocks. Much more 
reasonable w i th in  the present constra in ts  is the d i f f e r e n t i a t io n  o f  a 
primary a lk a l in e  mafic magma to y ie ld  the two po lar  rock types now 
exposed.
Magmatic D i f f e re n t ia t io n
Assuming an i n i t i a l l y  homogeneous parent magma, several methods 
are ava i lab le  f o r  subsequent d i f f e r e n t i a t i o n .
Fract ional c r y s t a l l i z a t i o n . Fract ional c rys ta l  1iza t ion  encompasses 
fou r  p o s s ib i l i t i e s  whereby changes in magma re s u l t  from c r y s t a l l i z a t i o n .
A process h igh ly  respected, and accepted to operate in the case o f  la rge ,
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s low-coo l ing ,  mafic layered in t ru s ive s  (Wager and Brown, 1968) is  
th a t  o f  c rys ta l  s e t t l i n g .  Early-formed c ry s ta ls ,  possib ly  o l i v in e ,  
p lag ioc lase ,  or pyroxene, may d i f f e r  g rea t ly  in density from the l i q u id  
in which they form. Gravity  may force such c rys ta ls  to the f lo o r  or 
c e i l i n g  o f  a magma chamber. The resu l tan t  c rys ta l  mush may in e f fe c t  
iso la te  these minerals from the bulk o f  the l i q u id  system, pushing the 
remaining melt along a l iqu idus  surface or co te c t ic  through changing 
composit ions. Crystal s e t t l i n g ,  which may not operate in small bodies 
having r e l a t i v e l y  rapid cooling and c r y s t a l l i z a t i o n ,  commonly resu l ts  
in r e p e t i t i v e  mineralogical layer ing and general chemical va r ia t io n  
upwards in a n e a r - h o r i z o n ta l l y - s t r a t i f i e d  rock body. Cumulus, or  
p r im ary -se t t led  c r y s ta ls ,  in most cases are enveloped in an intercumulus 
phase representing residual i n t e r s t i t i a l  trapped magma.
The complex at Skalkaho is  nowhere extens ive ly  layered, e i th e r  
rhy thm ica l ly  or c r y p t i c a l l y ,  but ra the r  re f le c ts  moderately v io le n t  
in t ru s iv e  a c t i v i t y ,  w i th m u l t ip le  in trus ions o f  magma and metasomatic 
f l u i d s  and the re su l ta n t  i r regular-shaped s t r inge rs  and bodies o f  rock.
No evidence is  exposed to suggest cumulate tex tu res ;  even the anhydrous 
pyroxenite lacks an intercumulus phase unless such a phase was a pure 
pyroxene l i q u id  leading to to ta l  adcumulus growth. Moderate zoning 
ind icates growth o f  pyroxene with changing composition typ ica l  o f  s o l id  
so lu t ion  series minerals , however c lass ic  adcumulus growth textures 
are missing. The densi ty  d i f fe rence  between pyroxene c rys ta ls  and a 
py roxen i t ic  magma might not be great enough to induce ideal c rys ta l  s e t t l i n g
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During log ica l  c r y s t a l l i z a t i o n  trends o f  most m af ic - r ich  magmas, 
more mafic const i tuents  c r y s t a l l i z e  e a r ly ,  resu l t in g  in a more f e l s i c  
d i f f e r e n t i a t e .  Such a l i q u id  w i l l  genera l ly  concentrate the v o la t i l e  
cons t i tuen ts  and elements which do not f i t  ea s i ly  in to  the common rock- 
forming s i l i c a t e  minerals . This enrichment in incompatible elements 
is o f ten very d i f f e r e n t  from the elemental p a r t i t io n in g  which proceeds 
during d i f f e r e n t i a t i o n  by o ther methods such as l i q u id  im m is c ib i l i t y .
This c r i t e r i o n  w i l l  be appl ied to the Skalkaho complex in a la te r  sect ion 
Elemental d i s t r i b u t i o n  notwithstanding,  on tex tu ra l  and f i e l d  re la t io n  
data, i t  is concluded tha t  the major port ion o f  the Skalkaho complex 
did not d i f f e r e n t i a t e  through means o f  c rys ta l  s e t t l i n g .
F i l te r -p re s s  act ion is another f r a c t i o n a l - c r y s ta l l i z a t i o n  process 
sometimes invoked to expla in magmatic d i f f e r e n t i a t i o n .  As a re s u l t  o f  
tec to n ic  s tresses, i n t e r s t i t i a l  f l u i d  may be squeezed out o f  a c rys ta l  
mush representing a magma in the la te r  stages o f  c r y s ta l l i z a t i o n .  This 
would re s u l t  in a closer-packed arrangement o f  c rys ta ls  o f  a cer ta in  
t o ta l  composition and presumably a separated body o f  l i q u id  o f  d i f f e r in g  
composit ion. S im i la r  to th is  is  f i l t e r  d i f f e r e n t i a t io n  whereby a 
mixture o f  c rys ta ls  and l i q u id  f lowing through small spaces leaves 
behind c ry s ta ls  which are la rg e r  than the passageways. This process 
also resu l ts  in separated bodies o f  d i f f e r i n g  composition.
The s ize o f  the Skalkaho body rules out f i l t e r  d i f f e r e n t i a t i o n .  
F i l te r -p re s s  act ion may be disregarded as a v iable a l te rn a t iv e  f o r  two 
reasons. Bimodal complexes s im i la r  to the Skalkaho body e x is t  in var ied
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tec ton ic  s e t t in g s ,  some in s tab le areas almost c e r ta in ly  free o f  the 
stress required f o r  squeezing. Although some complexes may have 
d i f f e r e n t i a te d  through f i l t e r - p r e s s  ac t ion ,  others could not have. A 
more universal d i f f e r e n t i a t i o n  method would be favored. Also the 
common ju x ta p o s i t io n  o f  the rock types is  incompatible with the squeezing 
out and subsequent voyage and is o la t io n  o f  residual m ater ia l .  At 
Skalkaho, the syenite and pyroxenite are adjacent to one another and the 
pyroxenite shows l i t t l e  tex tu ra l  evidence o f  being a squashed framework. 
Although f i l t e r - p r e s s  act ion may be important elsewhere, i t  was not 
responsible f o r  the major d i f f e r e n t i a t i o n  in th is  igneous body.
Flowage d i f f e r e n t i a t i o n ,  which operates in in t rus ions  less than 
about 100 meters across (Bhat tachar j i  and Smith, 1964), resu l ts  in a 
concentrat ion o f  so l id  c rys ta ls  w i th in  the centra l  rapid f low region, 
away from the wal ls  in a moving f l u i d .  F in a l l y ,  c r y s ta l l i z a t i o n  without 
cont inu ing e q u i l ib r iu m  may remove cores o f  zoned c rys ta ls  from fu r th e r  
react ion with the melt. This would leave a d i f f e re n t ia te d  l i q u id  to 
c r y s t a l l i z e  in the in te rs t ic e s  o f  ea r ly  c ry s ta ls .  Neither o f  these 
la s t  two processes could have been responsible f o r  the extreme d i f ­
fe re n t ia t i o n  at Skalkaho.
Movement o f  v o l a t i l e s . A second process leading to d i f f e r e n t i a t i o n  
o f  magma which has not been as well documented as f ra c t io n a l  c r y s t a l l i ­
za t ion involves movement o f  v o la t i l e s .  One form o f  t h is  method, gaseous 
t r a n s fe r ,  involves evo lu t ion  o f  a gas phase during second b o i l in g  due 
to an increased gas pressure which overcomes the load pressure. This
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may re s u l t  from progressive c r y s t a l l i z a t i o n  which reduces the amount o f  
l i q u id  ca l led  upon to d issolve the v o la t i l e s  o f  the system, or by de­
creasing pressures brought about by a r is e  o f  the magma. In e i th e r  
case, r i s i n g  gas bubbles may p r e fe r e n t ia l l y  remove and segregate 
pneumatolytic const i tuents  such as Na, Fe, Mn, T i , P, Rb, La, Ce, Y,
Z r ,  Nb, and U (Hyndman, in p rep . ) ,  or might even push residual i n t e r ­
s t i t i a l  l iq u id s  upwards in the l a t t e r  stages o f  c r y s ta l l i z a t i o n .  A 
second process, v o l a t i l e  streaming, presumably accomplishes the same 
task ,  but moves v o la t i l e s  and re la ted  const i tuents to areas o f  lower 
pressure w i thou t  the development o f  a gas phase.
D i f f e r e n t ia t io n  by movement o f  v o la t i l e s  is  hard to recognize in 
rock systems since very l i t t l e  experimental work e x is ts .  At Skalkaho, 
a high v o l a t i l e  content is  evidenced and v o la t i l e  movement probably 
played a minor ro le .  However, element p a r t i t i o n in g  between the syenite 
and pyroxenite is  not consis tent  w i th  experimentation c i ted  above. The 
great masses o f  syenite and lack o f  a s im i la r  materia l in the i n t e r ­
s t ices  o f  the pyroxenite are also incons is ten t  with th is  method.
Compositional d i f f e r e n t i a t i o n  o f  magmas may also take place by 
means o f  l i q u id  im m is c ib i l i t y .  A t ten t ion  is  now turned to th is  recent ly  
revived concept.
Current Status o f  L iqu id  Im m is c ib i l i t y
N o n -s i l ica te  - s i l i c a t e  systems. Although im m is c ib i l i t y  between 
s i l i c a t e  l i q u id s  c le a r l y  is  o f  paramount importance in geologic systems.
69
v iv id  examples o f  n o n -s i l i c a te  - s i l i c a t e  im m is c ib i l i t y  seem to have 
been b e t te r  received and accepted; some o f  these l a t t e r  cases are now 
reviewed. Perhaps due to economic incen t ive ,  im m is c ib i l i t y  between 
s u l f id e  l iq u id s  and s i l i c a t e  l iq u id s  was recognized ea r ly ,  p a r t i c u la r l y  
in b a sa l t ic  rocks such as at Kilaueau, Hawaii (Skinner and Peck, 1969). 
Moore and Calk (1971) noticed micron-sized spherules of i ro n ,  copper 
and nickel su l f ides  in the glassy margins o f  v i r t u a l l y  a l l  dredged 
ocean- f loor  p i l lo w  basalts they examined. Although they invoke ion ic  
d i f fu s io n  o f  cat ions from ba sa l t ic  l i q u id  to p re -ex is t ing  v1si cl es, they 
fee l processes o f  im m is c ib i l i t y  preserved the resu l tan t  l i q u id  s u l f id e  
globules. S im i la r  s u l f id e  globules occur in some d r a s t i c a l l y  quenched 
subaerial lavas.
Rocks composed of a f a i r l y  consis tent  r a t io  o f  i ron-ti taniurn oxides 
(magnetite) and apa t i te  were ea r ly  deduced to represent a eu tec t ic  
re la t io n s h ip  (P h i lp o t ts ,  1967). Experiments showed tha t  such a melt 
composit ion is  immisc ib i le  a t  elevated temperatures with a l i q u id  o f  
d i o r i t i c  composit ion. In fa c t ,  in t h is  system three immiscible phases 
form. The apa t i te -magnet i te associat ion is recognized as being re lated 
to  an end-member type o f  carbonat i te ,  the po la r  va r ie ty  being enriched 
in rare earth elements (Hyndman, 1972, p. 214). The process o f  l i q u id  
im m is c ib i l i t y  has strong ram if ica t ions  re la t in g  to the genesis o f  car- 
bonat i tes in general .
W y l l ie  (1966) noted fou r  hypotheses on the o r ig in  o f  ca rb on a t i tes . 
Although experimental work provides permissive evidence fo r  each, data
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support ing a genesis through im m is c ib i l i t y  is becoming overwhelming.
Koster van Groos and W yl l ie  (1973, 1968, 1966) have shown experimental 
im m is c ib i l i t y  between s i l i c a t e  and carbonate melts, p a r t i c u la r l y  in the 
jo in  NaAlSi^Og - CaAlgSizOg - Na^COg - HgO. At cer ta in  composit ions, 
under one k i lo b a r  pressure with 10 percent HgO, a carbonate-poor 
pe ra lka l ine  s i l i c a t e  l i q u id  coexists w ith a s i l i c a -p o o r  calcium-enriched 
carbonate l i q u id  and an aqueous vapor phase enriched with sodium s i l i c a t e  
and CO2 . Koster van Groos concludes tha t  these three f l u i d  phases corre la te  
well w i th  the undersaturated a lka l ine  u r t i t e - i j o l i t e  melt ser ies ,  the 
carbonat i tes ,  and the metasomatic fen i tes  which general ly  con s t i tu te  
carbonat i te  complexes (Koster van Groos, 1973). Research has advanced to 
such areas as the e f fe c t  o f  high COg pressures and temperature on these 
a l k a l i c  systems (Koster van Groos, 1975a) and p a r t i t io n in g  o f  elements 
such as stront ium between coexis t ing s i l i c a t e  and carbonate l iq u id s  
(Koster van Gross, 1975b).
Natural examples suggesting im m is c ib i l i t y  between carbonate and 
s i l i c a t e  l iq u id s  abound. Rankin and LeBas (1974) report  carbonate-r ich 
and s i l i c a t e - r i c h  inc lus ions w i th in  apa t i te  from some East Afr ican car­
bonat i tes and i j o l i  tes.  These inc lus ions r e f l e c t  condit ions p reva i l ing  
during c r y s t a l l i z a t i o n ,  and imply the presence o f  two immiscible f rac t io ns .  
Such inc lus ions may y ie ld  c r i t i c a l  data on the character o f  carbonat i te  
magmas (LeBas and o thers ,  1977). At Epembe, Southwest A f r ica  (Ferguson 
and o thers ,  1975), id e n t ica l  s ty les  o f  metasomatism associated w ith  
carbonat i te  and nepheline syenite in t rus ives  suggest the two magmas
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exis ted in e q u i l ib r iu m  as an immiscible p a i r  o f  l iq u id s .  Furthermore, 
a t  Epembe as well as elsewhere (eg. Ferguson and Curr ie ,  1971) are 
found carbonated lamprophyric and s y e n i t ic  dikes containing carbonate 
o c e l l i .  And c e r ta in l y ,  the common associa t ion o f  carbonat i te  with 
a lk a l in e  rocks is  cons is ten t  w i th  an im m is c ib i l i t y  re la t io nsh ip .
Koster van Groos and W yl l ie  (1969) showed l im i te d  s o l u b i l i t y  o f  
NaCl melt in a water-saturated NaAlSigOg system at one k i lo b a r ,  suggesting 
that  drops o f  NaCl l i q u id  might e x is t  in fe ldspa th ic  s i l i c a t e  melts. 
Roedder and Coombs (1967), in t h e i r  study o f  f l u i d  inc lus ions w i th in  
quartz and fe ldspar o f  ejected g r a n i t i c  blocks from Ascension Is land, 
deduced th a t  three immiscible phases probably existed in the o r ig in a l  
magma. One of these was a hydrous f l u i d ,  which coexisted with s i l i c a t e  
l i q u id  and molten NaCl. Undoubtedly, even more exot ic  examples occur 
o f  n a tu ra l l y  occurr ing systems u t i l i z i n g  processes o f  l i q u id  im m is c ib i l i t y  
But i t  is  with s i l i c a t e  systems geologists must u l t im a te ly  deal.
S i l i c a te  - S i l i c a te  Experimental Work
The system K^O-FeO-Al203-SiQ2 . As re la ted in the in t ro du c t ion ,  
ea r ly  work by Greig (1972) len t  credence to Bowen’ s (1928) denunciation 
o f  widescale s i l i c a t e  l i q u id  im m is c ib i l i t y  and i t  was not u n t i l  much 
l a t e r  (Roedder, 1951) tha t  a "low temperature f i e l d  o f  Im m is c ib i l i t y "  
was discovered. This tw o - l iq u id  f i e l d  was delineated along the 
t r i d y m i t e - f a y a l i te co te c t ic  in the j o in  KAlSi20g-Fe2Si04-S i02 at 
temperatures between about 1270° and 1100°C.
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Later studies were undertaken to v e r i f y  and re f ine  th is  f i e l d  
but va r iab le  experimental condi t ions make exact comparisons impossible. 
Watson (1976), fo r  example, constructed the tw o - l iq u id  f i e l d  at the 
1180°C isotherm in order to study elemental p a r t i t io n in g .  Because they 
f a i l e d  to d i f f e r e n t i a t e  between stable im m is c ib i l i t y  and metastable 
im m is c ib i l i t y  which caused quench exso lu t ion .  Visser and Koster van Groos 
(1976) showed an im m is c ib i l i t y  f i e l d  w ith  a vas t ly  d i f f e r e n t  shape and 
con f igu ra t ion  from tha t  o f  Roedder, Later (Visser and Koster van Groos, 
1979), they determined phase re la t ions  in the same system, K^O-FeO- 
A1203-S102» one atmosphere, emphasizing the f i e l d  of  low temperature 
s tab le  im m is c ib i l i t y  (F ig.  9).  Choosing molybdenum f o i l  as a container 
m a te r ia l ,  oxygen fugac i ty  was con t ro l led  by the Mo-MoO^ bu f fe r  which 
l i e s  w i th in  the wust i te  s t a b i l i t y  f i e l d .  A stable im m is c ib i l i t y  f i e l d  
occurr ing between 1235° 5°C and 1110° + 5°C separates a SiO^-r ich
l i q u id  from an FeO-rich l i q u id .  A l l  data were projected onto the jo in  
(K20/ A l 203 )-Fe0-S i02 with molar K^O/AlgOg = 1 even though a quaternary 
system is needed to show aluminum and potassium p a r t i t io n in g  between 
coex is t ing  f ra c t io n s .  The enrichment o f  both aluminum and potassium 
in the s i l i c a - r i c h  immisc ib i le  l i q u id  may be seen in Figure 10, th is  
enrichment being more extreme f o r  K2O. Metastable im m is c ib i l i t y  
produced b lu ish i r r id e s c e n t  or  du l l  brownish-gray glasses which show 
submicroscopic unmixing features in the range o f  0.1 micron. This 
metastable extension o f  the im m is c ib i l i t y  f i e l d  was determined as fa r  
as i t  is  k i n e t i c a l l y  re levant  and then projected on the jo in  f a y a l i t e -
F e O
-y
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Figure 9. above: The jo in  Fa-Lc-SiOg in the system K^O-FeO-Al^O^-
SiOg. The im m is c ib i l i t y  f i e l d  shown was determined by 
Roedder (1951). Diagram is  in weight percent, 
below: Liquidus re la t io n s  in the jo in  Fa-Lc-SiO^ as
depicted by Visser and Koster van Groos (1979). 
Compositions in weight percent.
F a= faya l i te ;  Lc= leuc i te ;  Kf=K-feldspar; T r= t r idym i te ;  
C r= c r i s to b a l i te (From Visser and Koster van Groos, (1979)
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Figure 10. O is t r ib u t io n  c o e f f i c ie n ts  fo r  AlgOg and K̂ O
between two coex is t ing l iq u id s  as a funct ion o f  
temperature. L ^ = s i l i c a - r i c h  l i q u id ;  Lp= iron-r ich 
l i q u id .  (From Visser and Koster van Groos, 1979)
SiOKf•Lc
Figure 11. The metastable extension o f  the stable
im m is c ib i l i t y  f i e l d  projected on the jo in  Fa-Lc-Si02 
bounded by the dashed l in e s .  (A f te r  Visser and 
Koster van Groos, 1979)
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I e u c i t e - S i02 (F ig .  11). In a temperature-composit ion sect ion along 
the 30 percent FeO isop le th  (X-X' in Fig. 9) o f  t h is  j o i n ,  the re la t io n  
between the high- and low-temperature stab le im m is c ib i l i t y  f ie ld s  is 
i l l u s t r a t e d ,  being connected by the metastable subliquidus f i e l d  o f  
im m is c ib i l i t y  near the stab le l iqu idus  (F ig. 12).
Since the low-temperature im m is c ib i l i t y  f i e l d  seen in the jo in  
le u c i te - fa y a l i te -S iO g  was only a s l i c e  through a three-dimensional 
im m is c ib i l i t y  volume in the system K20-Fe0-A l203-SiO2 , ex t rapo la t ion 
to real systems is  d i f f i c u l t .  Roedder (1978) reported resu l ts  from 
unf in ished experiments designed to at tack th is  problem o f  volumetr ic 
d im en s ion a l i ty .
Working with fourteen planes defined by FeO, S i0 2 , and various 
ra t io s  o f  K2O/AI2O3 , he determined phase re la t ions  f o r  the h ig h - s i l i c a  
par t  o f  the tetrahedron f o r  planes o f  0, 10, 30, and 50 weight percent 
FeO. The low-temperature stable im m is c ib i l i t y  f i e l d ,  e sse n t ia l ly  
s t ra d d l in g  the 1:1 (molar) K2Û:Al203 plane, appears at 10 percent FeO, 
expands upon add i t ion o f  FeO, and subsequently contracts and disappears 
at about 43 percent FeO (Roedder, 1978). Roedder notes tha t  isothermal 
surfaces in the f a y a l i t e  f i e l d  are severely warped in the v i c i n i t y  o f  
the im m is c ib i l i t y  f i e l d ,  causing somewhat unusual c r y s ta l l i z a t i o n  be­
hav io r .  Furthermore, the geometry o f  the immiscible volume, the tem­
peratures involved, and the placement o f  t i e l i n e s  are such tha t  ex­
tremely large changes in amounts o f  phases occur with very small changes 
in temperature.
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Figure 12. Binary phase diagram to i l l u s t r a t e  the re la t io n  
between stable and metastable im m is c ib i l i t y .  A 
temperature-composit ion section along the 30 
percent isop le th  in the jo in  Fa-Lc-SiO^ (see 
Fig. 9) .  The dotted l i n e  represents the meta­
s tab le extension of the tw o - l iq u id  f i e l d .
L=one homogeneous l i q u id ,  disregarding metastable 
phase separat ion. (A f te r  Visser and Koster van 
Groos, 1979)
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The im m is c ib i l i t y  volume determined by Roedder is  associated 
w i th  large areas o f  metastable im m is c ib i l i t y .  As Hoi gate (1954) 
noted, metastable im m is c ib i l i t y  nears the l iqu idus  surface in those 
systems having sigmoidal l iqu idus  surfaces, and may be present in 
many other cases as w e l l .  These subliquidus f i e l d s ,  which some feel 
e x is t  in most s i l i c a t e  systems (Roedder, 1978), may break the l iqu idus  
surface whenever o ther const i tuents  or fac tors  cause a more rapid drop 
in the l iq u idu s  than in the sol vus.
Effects  o f  added components. To determine the e f fe c t  o f  calcium 
on the system used by Roedder and o thers ,  Naslund (1977) invest igated 
the system K20-Ca0-Fe0-Fe20-A l203- S i02 and determined the im m is c ib i l i t y  
f i e l d  on the plane An5Q0 r 5Q~Fe0-S i0 2 . A tw o - l iq u id  stable im m is c ib i l i t y  
f i e l d  in the j o in  0r -Fe0- S i02 extends in to  the f i e l d  o f  an o r th i te ,  
and was seen to e x is t  in the system An5Q0 r 5Q-Fe0 -S i02 from Fe0-S i02 
r ich  compositions to compositions having 50 percent fe ldspar.  Addit ion 
o f  e i t h e r  CaO or AI2O3 , however, causes a decrease in the divergence o f  
the two l i q u id s  and with increasing AI2O3 content o f  coexis t ing l i q u id s ,  
Ca^^ increases in the s i l i c a - r i c h  l i q u id  re la t iv e  to the i ro n - r ic h  
f r a c t io n .  P a r t i t io n in g  o f  some other  elements was also studied.
Working in the system KAlSi30g-NaAlSi30g-Fe0-Fe203-S i02 , Naslund 
(1976) found f ie l d s  o f  im m is c ib i l i t y  very s im i la r  to those in the 
l e u c i t e - f a y a l i t e - s i 1 ica system, and i t  appears tha t  in terms o f  melt 
s t ruc tu re  K2O may proxy f o r  Na2Û as does FeO f o r  CaO and MgO 
(Freestone, 1978). Naslund concludes th a t  although im m is c ib i l i t y  is
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best developed in the potassium-rich part  o f  the system, a high K^O/total 
a l k a l i  is  not c ruc ia l  to the appearance o f  two immiscible l i q u id s .  This 
is  also cons is ten t  w i th  the data o f  Massion and Koster van Groos (1973).
I r v in e  (1976) found large regions o f  metastable im m is c ib i l i t y  in 
the system Mg2$ i 04“ F62Si04-CaAl2Si2Ûg-KAlS i30g-S i02 beneath the pyroxene 
and o l i v in e  l iqu idus  f i e l d s .  He fee ls  there is a strong p o s s ib i l i t y  
tha t  o ther fa c to rs ,  such as the add i t ion  o f  components l i k e  P2O5 and 
T1O2 apa t i te  and sphene, may induce stable im m is c ib i l i t y .  Also, the 
e f fe c ts  o f  the metastable f i e l d  on the l iqu idus  re la t io ns  o f  magmas 
and the c r y s t a l l i z a t i o n  and f ra c t io n a t io n  trends o f  these magmas 
may be profound.
Kushiro (1974) not iced re g u la r i t ie s  in the e f fe c ts  o f  various 
oxides on s h i f t s  in l iqu idus  boundaries between o l i v i n e ,  pyroxene, and 
s i l i c a .  These s h i f t s ,  which also respond to changing pressure, can be 
explained in terms o f  s i l i c a t e  melt s tructures re la t in g  to add i t ion o f  
cat ions w ith  d i f f e r e n t  valences. In add i t ion  to ram i f ica t ions  con­
cerning p a r t ia l  melting o f  mantle m ate r ia ls ,  add i t ion  o f  these oxides, 
which causes m e l t ing -po in t  depression, a f fec ts  the dimensions o f  the
m i s c i b i l i t y  gap (Kushiro, 1975). Oxides o f  polyvalent (>3) cat ions such
-4
as Cr^Og, TiOg, and P^Og promote polymerizat ion o f  SiO^ tetrahedra 
and very s t rong ly  a f fe c t  expansion o f  the tw o - l iq u id  regions o f  immis­
c i b i l i t y .  Monovalent ca t ions ,  on the other hand, i n h i b i t  polymeri­
zat ion and have much more subt le e f fe c ts  on the im m is c ib i l i t y  f i e l d .
At h igher pressures, polymerizat ion is  enhanced.
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Many of  the rocks serving as proposed products o f  l i q u id  im­
m i s c i b i l i t y  (P h i lp o t ts ,  1976; Freestone, 1978) are enriched in T i02 and/or 
P2O5 » polyvant cat ion oxides which Kushiro (1975) f e l t  would expand the 
im m is c ib i l i t y  f i e l d .  Freestone (1978) studied the e f fe c t  o f  adding 
1 mole percent P2O5 and 3 mole percent TiÛ2 to melts in the fa m i l ia r
system K20-Fe0-Al203~Si02 . These percentages, construed to model cer­
ta in  gabbroic rocks in the Montergion H i l l s  (P h i lp o t ts ,  1976), caused 
a marked expansion o f  the tw o - l iq u id  f i e l d  towards potassium-rich 
compositions (F ig.  13). Such an expansion o f  the f i e l d  may be accounted 
f o r  in terms o f  melt s t ru c tu re ,  as in the fo l low ing  model (Freestone, 
1978). T r iv a le n t  aluminum enters te trahedra l s i tes  in the s i l i c a t e  
polymers o f  the s i l i c a - r i c h  f ra c t io n  while cat ions compensate fo r  the 
re s u l ta n t  negative charge. The cations P^^and T i^^ have high f i e l d  
strengths but cannot enter a t e c to s i1icate network. These two cat ions 
concentrate in the i r o n - r ic h  melt and serve as an oxygen s ink,  increasing 
non-br idging oxygens and thereby expanding the tw o - l iq u id  f i e l d .
To more r e a l i s t i c a l l y  represent natural systems, the im m is c ib i l i t y  
f i e l d  may be p lo t ted  on a ternary diagram with the corners S i0 2 > +
CaO + FeO + T i02 (+ P^Og), and AI2O3 + K2O + Na^O. Such diagrams are 
c u r re n t ly  in vogue among im m is c ib i l i t y  researchers (eg. Gelinas and 
o thers ,  1976; McBirney and Nakamura, 1974; Freestone, 1978) and are 
used ex tens ive ly  to p lo t  im m is c ib i l i t y  f i e l d s  and re la te  them to 
n a tu ra l l y  occurr ing rocks. This diagram appears repeatedly in the next 
chapte rs .
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FcjSiÔ
Figure 13. E f f e c t  o f  adding 1 mole % plus 3 mole % TiOg on 
the i m m i s c i b i l i t y  f i e l d .  Dashed l in e s  o u t l i n e  the 
t w o - l i q u i d  f i e l d s  o u t l in e d  by Roedder (1951)  in the 
TiO^,  PgO^-free system. So l id  l i n e  represents the 
extended f i e l d .  ( A f t e r  Freestone,  1978}
FcjSiOi FejSiOi
VOLATILE fH EE
to 60
WEIGHT PER CENT
S.0:
Figure  14. Coex is t ing  mel t  compositions in the system KgO-FeO-AlgO^- 
SiOg a t  1 ,  3 ,  and 5 k i l o b a r s ,  1160° C. (A) V o l a t i l e - f r e e ;  
(B) COg-saturated.  (From Watson and Naslund, 1977)
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Two other fac tors  re levant to changes in the extent o f  s i l i c a t e  
im m is c ib i l i t y  have been examined. Nasi une (1976) noted tha t  except 
f o r  a b r i e f  resp i te  r e f le c t in g  a rapid change in the magnetite l iq u id u s ,  
l i q u id  im m is c ib i l i t y  f i e l d s  expand with increasing oxygen fugac i ty  in 
the system KAlSi30g-Fe0- $ i 02 . Thus, although Freestone's (1978) work 
was conducted at oxygen fug ac i t ie s  lower than those appropriate fo r  
t e r r e s t r i a l  magmas, the resu l ts  are v iable and in fa c t  should represent 
minimum im m is c ib i l i t y  f i e l d  dimensions, at least  in terms o f  common fg^ 
values.
With regards to pressure, Nakamura (1974) showed tha t  the immisci­
b i l i t y  f i e l d  in the system l e u c i t e - f a y a l i t e - s i l i c a  is  nearly o b l i te ra te d  
at 15 kb. Watson and Naslund (1977), however, arr ived  at seemingly 
opposing resu l ts  under both v o la t i l e - f r e e  and C02~saturated condit ions. 
Runs conducted at 1, 3, and 5 kb and 116D°C on a s ta r t in g  composition 
o f  Or^i QFa^2 5QT326 5 formed two coex is t ing l iq u id s  whose compositions 
diverged as the pressure rose. The e f fe c ts  were much smaller on the 
C02-saturated l iq u id s  (F ig.  14). Markov and others (1974) arr ived  at 
s im i la r  resu l ts  regarding pressure e f fe c ts  on melt derived from a 
melanocratic o l i v in e  ne ph e l in i te .  I t  may yet  be determined tha t  in the 
low-pressure range (<5 o r  10 kb), an increase in pressure favors ex­
pansion o f  the im m is c ib i l i t y  f i e l d  whereas higher pressures eventual ly  
cause the f i e l d  to con trac t  and disappear.
In summary, a low temperature, low pressure region o f  l i q u id  
im m is c ib i l i t y  occurs w i th in  experimental systems corre lab le  to natural
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magmas. The system K20-Fe0 -A l20g-S i02 may be used to represent real 
magmas, with K2O proxying fo r  Na20 and FeO fo r  CaO and MgO. I t  appears 
tha t  a high K^O/total a l k a l i  is  not essent ia l  to unmixing but that  
im m is c ib i l i t y  may be more pronounced under such condit ions.  Addit ion o f  
P, T i ,  and possib ly  o ther po lyva lent cations such as Cr or even C, i n ­
creases the extent o f  the im m is c ib i l i t y  f i e l d ,  whereas increasing Ca,
Mg, and A1 causes a lesser degree o f  shr ink ing.  These e f fec ts  are ex­
p l ica b le  in terms o f  melt s t ruc tu re .
Increased oxygen fugac i ty  expands the f i e l d  as do increased v o la t i l e  
components in general ( I r v in e ,  1975) by depressing the l iqu idus .  The 
hole o f  pressure is  uncerta in ,  since pre l im inary  data are somewhat i n ­
cons is ten t  and hard to co r re la te .  I t  may develop tha t  lower pressures 
(<10 kb) may be necessary f o r  s ig n i f i c a n t  unmixing. Metastable im­
m i s c i b i l i t y  regions continue from stable zones beneath adjacent l i q u i d i i  
and i t  seems l i k e l y  tha t  such regions are widespread in most s i l i c a t e  
systems. Liquidus surfaces are commonly disrupted or sigmoidal in these 
cases, and c r y s t a l l i z a t i o n  behavior probably w i l l  be a l te red .  C lear ly ,  
from experimental work, i t  appears tha t  l i q u id  im m is c ib i l i t y  should 
func t ion  in cer ta in  igneous systems.
Elemental p a r t i t i o n i n g . A d i re c t  re s u l t  o f  the d i f fe rence in 
polymerizat ion between coex is t ing  immiscible s i l i c a t e  l iq u id s  is a 
d i s t i n c t  elemental p a r t i t i o n in g  between the two immiscible f ra c t io n s .
This p a r t i t i o n in g  is dependent upon the structures o f  the melts and in 
theory resembles the p a r t i t i o n in g  noted between coexis t ing c rys ta ls  and
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melt (eg. Banno and Matsui, 1973). Although elemental p a r t i t io n in g  w i l l  
c e r ta in l y  depend to some extent on the compositions o f  experimental 
systems and magmatic bodies involved in l i q u id  im m is c ib i l i t y ,  i t  appears 
from the pre l im ina ry  work accomplished tha t  the behavior o f  cer ta in  
elements d i f f e r s  dur ing the d i f f e r e n t i a t i o n  processes o f  f rac t io na l  
c r y s t a l l i z a t i o n  and l i q u id  im m is c ib i l i t y .
Various researchers (Naslund, 1977; Wood and Hess, 1977; Ryerson 
and Hess, 1978) have noted p a r t i t io n in g  patterns in immiscible s i l i c a t e  
melts s im i la r  to those reported a f t e r  systematic work by Watson (1976). 
He conducted a ser ies o f  doping experiments to i l lum ina te  the p a r t i ­
t io n in g  behavior o f  elements in a system created by mixing le u c i te ,  
f a y a l i t e ,  and s i l i c a  to y ie ld  a s ta r t in g  composition in the center o f  
the im m is c ib i l i t y  f i e l d  in the experimental system K20-A l203-Fe0 -S i02 . 
A f te r  r e p e t i t i v e  runs at the same temperature using iden t ica l  s ta r t in g  
mixtures, i t  became c lea r  tha t  A1 , K, and Cs concentrate in the Si02- 
r ic h  melt whereas P is most s t rong ly  p a r t i t io n e d  in to  the Fe-rich melt 
(by a fa c to r  o f  10) fol lowed by REE, Ta, Ca, Cr, T i , Mn, Zr, and Mg.
Both Ba and Sr showed no preference.
Ryerson and Hess (1978), deal ing w ith  a more complicated natural 
system, observed s im i l a r l y  tha t  cations o f  high charge dens i ty ,  s p e c i f i ­
c a l l y  T i ,  Fe, Mn, P, Zr,  Cr, Ta, Lu, Yb, Dy, Sm, and La, concentrated 
in an immiscible fe r ro p y ro x e n i t i c  l i q u id  characterized by a r e la t i v e l y  
low S i /0  r a t io  and consequent depolymerizat ion. The h igh ly  polymerized, 
ne twork-s tructured g r a n i t i c  melt a t t rac ted  cat ions o f  lower charge 
dens i ty ,  such as the a lk a l ie s  and Cs.
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Aluminum is  thought to la rg e ly  occupy te trahedra l s i tes  in 
copolymerizat ion with s i l i c a .  The charge imbalance produced by such 
a s u b s t i tu t io n  is  s a t i s f ie d  by a coupled su b s t i tu t io n  o f  a lka l ie s .  Wood 
and Hess (1977) dea l t  in depth with the ro le  o f  AI2O3 in immiscible 
s i l i c a t e  melts. Molar K^O/Al^Og is nearly un i ty  in the SiO-rich 
f ra c t io n  whereas the FeO-rich l i q u id  is  peraluminous ( in  th is  system, 
K2O/AI2O3 <1 ) .  Ryerson and Hess (1978) determined tha t  increased P^Og 
resu l ts  in higher fe r rop y roxe n i te -g ra n i te l i q u id  d is t r i b u t io n  co­
e f f i c i e n t s  f o r  the REE due to an expanded sol vus f o r  the major elements, 
and complexing o f  REE w i th  phosphorus. Studies must be done on the 
p a r t i t i o n in g  behavior o f  elements in natural examples o f  s i l i c a t e  im­
m i s c i b i l i t y .  Cawthorn and McCarthy (1977), fo r  example, found an en­
richment o f  Ni in the mafic f ra c t io n  o f  what they in te rpre ted as rocks 
re su l ta n t  from im m is c ib i l i t y  in p i c r i t i c  l i q u id s .
As put fo r th  in the discussion above concerning d i f f e r e n t ia t io n  by 
v o l a t i l e  movement, so-ca l led  pneumatolytic elements (Na, Fe, Mn, T i ,
P, Rb, La, Ce, Y, Zr,  Nb, U) concentrate in the gas phase and eventua l ly  
f in d  t h e i r  way back in to  the melt a t  a l a te r  stage o f  c r y s ta l l i z a t i o n .  
Presumably, then, these elements would appear w i th in  la te-s tage d i f ­
f e re n t ia te s ,  or  normally w i th in  a f e l s i c  phase re la t i v e  to i t s  co­
e x is t in g  mafic f r a c t io n .
A s im i la r  genera l iza t ion  may be stated f o r  d i f f e r e n t i a t i o n  by 
means o f  f ra c t io n a l  c r y s t a l l i z a t i o n .  In th is  case, the so-ca l led 
incompatible elements, which cannot normally f i t  in the crysta l
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struc tu res  o f  common igneous s i l i c a t e  minerals ,  commonly f rac t io na te  
in to  the f e l s i c  de r iva t ives .  The incompatible nature o f  these elements 
is  d ic ta ted  by the mineralogy which f rac t iona tes  at an ear ly  stage in 
the c r y s t a l l i z a t i o n  o f  a magma. Researchers have noted tha t  elemental 
trends w i th in  the c la s s ic ,  c ry s ta l - f ra c t io n a te d  Skaergaard body (Wager 
and M i t c h e l l ,  1951; 1940) agree with trends noticed in many other 
" d i f f e r e n t i a t e d , "  genera l ly  basa l t ic  rock series (Ringwood, 1955). These 
include both c a lc -a lk a l in e  examples (Nockolds and A l len ,  1953) and 
those o f  a l k a l i c  a f f i n i t y  (Nockolds and A l len ,  1954). These studies in ­
dicated tha t  u l t ram af ic  and mafic rocks are enriched in Mg, Ca, Fe,
Cr, Ni ,  V, Co, and probably Zn and Sc re la t iv e  to t h e i r  f e l s i c  d i f f e re n ­
t i a te s .  The d i f f e r e n t i a t e s ,  on the other hand, show re la t iv e  en r ich­
ment in Na, K, Rb, Ba, Zr, L i ,  Cu, and probably REE, Be, Ga, Pb, B,
U, and Th. Phosphorus and Ti appear to be most abundant in i n t e r ­
mediate and acid v a r ie t ie s .  Common pegmatites serve as a good i l l u s ­
t r a t i o n ,  genera l ly  developing unusual mineral suites to accommodate a 
b iza r re  elemental composition which re f le c ts  t h e i r  la te-stage d i f f e re n ­
t ia te d  (or ea r ly  p a r t ia l  melt) character.
Firm adherence to ,  and re l iance on, the data given above concerning 
elemental behavior may be dangerous, as such behavior may change with 
a change in rock composition or magmatic condit ions.  However the data 
serve as a useful g e ne ra l i ty .  The general ized p a r t i t io n in g  data fo r  
the processes o f  f ra c t io n a l  c r y s t a l l i z a t i o n ,  l i q u id  im m is c ib i l i t y ,  and 
movement o f  v o la t i l e s  are summarized in Table 5. L iq u id - l iq u id  p a r t i ­
t io n in g  studies may be app l icab le  to studies o f  m in e ra l - l iq u id
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Table 5. Generalized Elemental P a r t i t io n in g  with Various D i f fe re n t ia t io n
Element
L iqu id
Immisc ib i1i t y
Fract ional 
Crystal 1iza t ion
V o la t i le
Movement
Ca M M
Mg M M — —
Fe M M F
Cr M M „  _
Ni M M a w
V M --
Co M
Zn -- M — —
Sc — — M — —
K F F — —
A1 F F - —
Na -- F F
Rb F F
Ba — — F — —
Li * — F
Zr M F F
REE M F --
Be -- F
Cu . . F
Pb — — F — —
Ga —' — F — —
B — — F --
U — — F — —
Th -- F
Cs
Mn
Sr
P
Ti
Ta
F
M
M
M
M
F(?)
F-I
F-I
F
F
F
M = mafic f ra c t io n  p a r t i t i o n in g  F - f e l s i c  f ra c t io n  
I = in termedia te f r a c t io n .
87
p a r t i t i o n in g  which are again becoming popular (eg. Banno and Matsui, 
1973; Leenan and Sheideggar, 1977; Takahashi, 1978).
D i f f e re n t ia t io n  through the process o f  l i q u id  im m is c ib i l i t y  resu l ts  
in two coex is t ing  l i q u id s  o f  h igh ly  divergent composition exh ib i t ing  
pronounced elemental p a r t i t i o n in g .  Although experimental work con­
cerning l i q u i d - l i q u i d  elemental p a r t i t io n in g  is  in an embryonic s ta te ,  
and although p a r t i t i o n in g  w i l l  c e r ta in ly  depend upon composition o f  
the system involved ( i l l u s t r a t e d  by Ryerson and Hess's (1978) work with 
phosphorus), i t  appears tha t  p a r t i t i o n in g  trends resu l t in g  from l i q u id  
im m is c ib i l i t y  d i f f e r  d r a s t i c a l l y  from typ ica l  patterns resu l t in g  from 
o ther  d i f f e r e n t i a t i o n  means such as f ra c t io n a l  c r y s t a l l i z a t i o n  or move­
ment o f  v o la t i l e s .  Although p a r t i t io n in g  data in rocks must be 
evaluated c r i t i c a l l y  and cont inuously,  such data may serve as useful 
permissive evidence fo r  id e n t i f y in g  rocks which were involved in l i q u id  
im m is c ib i l i t y ,  e sp ec ia l ly  p lu ton ic  rocks which experienced long cooling 
periods. S p e c i f i c a l l y ,  enrichment o f  the u l t ram af ic  or mafic f ra c t io n  
in P, T i ,  Zr,  and REE may be suggestive o f  l i q u id  im m is c ib i l i t y .  Where­
as enrichment o f  these elements in the f e l s i c  or intermediate phases 
might ind ica te  f ra c t io n a l  c r y s t a l l i z a t i o n .
Thermodynamically, a homogeneous l i q u id  w i l l  unmix i f  the to ta l  
Gibbs Free Energy o f  the f ra c t io n s  is  lower than tha t  o f  the o r ig in a l  
m ix ture .  Put another way, s i l i c a t e  l i q u id  im m is c ib i l i t y  w i l l  occur 
when the free energy o f  mixing is po s i t ive  and k ine t ics  are favorable. 
Curr ie  (1972), u t i l i z i n g  a thermodynamic model designed to p red ic t  
whether a s i l i c a t e  l i q u id  o f  a spe c i f ic  composition would be
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immiscib le,  c o r re c t l y  delineated the im m is c ib i l i t y  f i e l d  f i r s t  d is ­
covered by Roedder (1951), The model, which also c o r re c t ly  denies 
the existence o f  im m is c ib i l i t y  in other re la ted systems, was appl ied 
to ce r ta in  t e r r e s t r i a l  examples. In te re s t in g ly ,  the model favored 
im m is c ib i l i t y  in rocks believed on other grounds to have resulted from 
immiscible processes and re jec ted im m is c ib i l i t y  in " c o n t ro l " examples 
o f  rocks showing no evidence fo r  unmixing. Other, more complicated 
methods may also be used to p red ic t  im m is c ib i l i t y ,  such as the deter­
mination o f  spinodal surfaces from the geometry o f  the isothermal 
isobar ic  free-energy funct ion o f  a so lu t ion  (Barron, 1978).
Mechanics o f  immiscible separa t ion. A f te r  globules o f  another 
l i q u id  have separated by im m is c ib i l i t y ,  the two l iqu ids  w i l l  change 
composition by means o f  d i f fu s io n .  The growth process o f  these globules 
is crudely comparable to growth o f  a c rys ta l  in a s o l id -s o lu t io n  series. 
The major d i f fe rence  w i l l  be the greater rate o f  d i f fu s ion  associated 
w i th  two coex is t ing  l iq u id s  than with c rys ta ls  and l i q u id .  D i f fe ren ­
t i a t i o n  comes about by g ra v i ta t io n a l  ac t ion ,  the rate o f  ve r t ica l  move­
ment dependent upon the size o f  the globules, the e f fe c t iv e  density 
d i f fe rence  between the globules and the host l i q u i d ,  and the e f fe c t iv e  
v is c o s i t y  o f  the continuous host phase. Crystals a f fe c t  both densi ty 
and v is c o s i ty  and may i n h i b i t  o r  s t a l l  g ra v i ta t io n a l  s e t t l i n g .  True 
f ra c t io n a t io n  w i l l  be obtained i f  globules s e t t le  or  r ise  s u f f i c i e n t l y  
to preclude fu tu re  e q u i l i b ra t io n  with the host;  subsequent mixing o f  
i n i t i a l l y  immiscible l i q u id s  may, in e f f e c t ,  become a mechanical 
probl em.
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P h i lp o t ts  (1972) found tha t  the densi ty  contrast between 
immiscible phases may reach 0.87 g/cm^ which is  comparable to tha t  
between many c rys ta ls  and melts known to indulge in crys ta l  s e t t l i n g .  
Segregation o f  immiscible melts should occur j u s t  as crys ta l  s e t t l i n g  
occurs; in f a c t ,  globules o f  melt should separate more rap id ly  and 
e f f e c t i v e l y  than c rys ta ls  would (Roedder, 1978), in part because o f  the 
tendency to maintain a spherical form. I t  thus appears tha t  complete 
separation o f  two immiscible s i l i c a t e  melts and t h e i r  subsequent in ­
a b i l i t y  to remix is  very l i k e l y .  Such systems may very well behave as 
the o i l  and water o f  salad dressings.
Lunar Examples
Although Roedder's (1951) discovery o f  prominent low-temperature 
s i l i c a t e  l i q u id  im m is c ib i l i t y  in the system K^O-FeO-AlgOg-SiOz suggested 
tha t  t h is  process might be widespread in rock genesis, such a view did 
not become popular and research on im m is c ib i l i t y  was uncommon u n t i l  
Roedder and Weiblen (1970a; 1970b) showed tha t  l i q u id  im m is c ib i l i t y  was 
prevalent during la te -s tage c r y s t a l l i z a t i o n  o f  lunar basal t .
Various unusual textures in these basalts could be explained very 
e a s i l y  by s i l i c a t e  l i q u id  im m is c ib i l i t y .  Many o f  these features in ­
volved globules o f  two d i s t i n c t  glasses w i th in  each other,  glasses 
w i th in  and iso la ted  near the rims o f  growing la te-stage minerals, 
immiscible globules nuc leat ing on such minerals,  and globules d is -  
formed against and coalescing with each other (Weiblen and Roedder,
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1973, 1970a). Th6 two ind iv idua l  glassos, which must have coexisted 
since they are now in some cases separated by a sharp meniscus, each 
vary s l i g h t l y  in composition but chemically are esse n t ia l ly  equivalent 
to t i t a n i f e ro u s  fe r ropyroxen i te and potassic  grani te  (see Table 6 ).
The dark-brown, h igh- index glass, since i t  contains about 80 percent 
normative pyroxene (Roedder, 1978), c r y s ta l l i z e s  read i ly  wherever a 
pyroxene nucleus is ava i lab le  such as adjacent to pyroxene c rys ta ls .  
Thus, the glass nowhere occurs near pyroxene. This process el iminates 
evidence o f  l i q u id  im m is c ib i l i t y  and could be re levant in the search 
f o r  im m is c ib i l i t y  in t e r r e s t r i a l ,  p a r t i c u la r l y  slow-cooled, rocks.
Table 6 . Weighted Averages o f  37 Analyses o f  Coexisting Residual Lunar
G1asses
S i02 AI2O3 FeO MgO CaO Na20 K2O T i02 
f e I s i c  glass 76.1 11.7 2.5 0.3 1.9 0.4 6.6  0.5
mafic glass 47.8 3.2 21.4 2.3 11.2 0.1 0.3 3.7
I t  appears tha t  magma general ly  s p l i t s  a f te r  about 90-95 percent 
c r y s t a l l i z a t i o n ,  although t h i s  s p l i t  occurred in one Apollo 14 rock 
when at le as t  12 percent by volume l i q u id  remained (Roedder and Weiblen, 
1972). To v e r i f y  th a t  these glasses indeed resulted from im m is c ib i l i t y ,  
Roedder (1978) produced a 50-50 mixture o f  the two compositions. A
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homogeneous green glass a t  1400°C, the mixture formed f a y a l i t e  plus
two glasses at 1045°C.
Although sampling o f  the two glasses makes trace-element analysis 
d i f f i c u l t ,  phosphorus was d e f i n i t e l y  p a r t i t ion ed  s trong ly  in to  the 
FeO-rich melt whereas potassium suffered extreme enrichment in the
S i02-r ich  f r a c t io n .  Perhaps not s u r p r i s in g ly , when the glass analyses 
are p lo t ted  on an " im m is c ib i l i t y  diagram," the two melts f a l l  very near 
the o u ts k i r t s  of  the immiscible f i e l d  (F ig .  15).
T e r re s t r ia l  Examples
Basa l t ic  la te -s tage im m is c ib i l i t y . A f te r  recognit ion o f  la te-stage 
im m is c ib i l i t y  in lunar basal ts ,  e f f o r t s  commenced to locate s im i la r  
features in t e r r e s t r i a l  rocks. Roedder (1978) found such evidence in 
examples o f  several Hawaiian basal ts ,  in basalts from the North Shore 
Volcanic Group o f  Minnesota, and in basa l t ic  rocks near Disko, Greenland 
De (1974) reports widespread glass globules resu l tan t  from la te-stage 
im m is c ib i l i t y  w i th in  the expansive t h o le i i t e s  o f  the Deccan traps. 
Besides the presence o f  glasses, P h i lp o t ts  (1978) notes textures w i th in  
these t h o le i i t e s  which are in d ic a t iv e  o f  l i q u id  immiscibi l i t y : r e l i c t
g lobules; immiscible g lobu lar  inc lus ions in p lag ioc lase; the present o f  
a f ine -g ra ined  mesostasis; and lobate c rys ta l  faces o f  pyroxenes. He 
also records the percent o f  l i q u id  present during i n i t i a t i o n  o f  magma 
s p l i t t i n g  as 20 percent in the Deccan Traps, 32 percent in basal t  from 
Connecticut,  and 44 percent from t h o le i i t e s  o f  the North Shore Volcanic
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Figure 15. The re la t io n  o f  lunar rocks and glasses and 
ce r ta in  experimenta lly derived coexis t ing 
glasses to the im m is c ib i l i t y  f i e l d  o f  
Roedder (1951). En=enstat ite; Di=diopside; 
F o = fo rs te r i te .  (From Gelinas and others,  1976)
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Group. Wright and Okamura (1977) sampled magma from a Hawaiian lava 
lake and found tha t  glasses representing two immiscible l iqu ids  existed 
between p lag ioc lase c ry s ta ls .
A s im i la r  type o f  la te -s tage im m is c ib i l i t y  s p l i t  was proposed fo r  
the Skaergaard mafic layered in t ru s iv e  complex by McBirney and Nakamura 
(1974). The l iq u id s  o f  Upper Zone C o f  the complex have a l iqu idus 
temperature about 1000°C, nearly id e n t ica l  to a typ ica l  granophyre.
A sample o f  intermediate composition cons is t ing o f  two parts Upper Zone C 
and one part  granophyre experimentally s p l i t  in to  two l iqu ids  which 
p lo t ,  as do Upper Zone C and granophyre composit ions, to suggest an 
immiscible re la t io n s h ip .  These compositions are p lo t ted  in Figure 16 
along w ith  the two im m is c ib i l i t y  f i e l d s  o f  Roedder (1951). The exper i­
mental ly  derived Iow-Si02 glass is enriched in FeO and P2O5 and de­
p le ted in K2O. Density d i f ferences between granophyric l iq u id s  and
l iq u id s  representing Upper Zone C range from 2 .4 -2 .8 . This ,  coupled
3
with a probable v is c o s i ty  o f  about 10 poises (McBirney and Nakamura, 
1974) f o r  the Fe-r ich l i q u id ,  is probably s u f f i c ie n t  to al low complete 
separat ion o f  two immiscible l iq u id s .
Basa l t ic  ea r ly  im m is c ib i l i t y . Some occurrences a t t r ib u te d  to 
l i q u id  im m is c ib i l i t y  are ev iden t ly  not la te -s tage ,  but rather suggest 
s p l i t t i n g  before s ig n i f i c a n t  c r y s ta l l i z a t i o n .  Prokoptsev (1977) 
noted s o l i d i f i e d  emulsions o f  immiscible so l i  cate l iqu ids  w i th in  
a l k a l i c  basa l t  deep-water lavas. The evidence fo r  im m is c ib i l i t y  seemed 
to be o b l i te ra te d  w i th in  some basalts during the cooling process, yet  
some lavas showed immiscible globules coalescing in to  streamlets.
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Figure 16. Relations o f  Skaergaard l i q u id  compositions to the 
im m is c ib i l i t y  f i e ld s  o f  Roedder (1951). Liquids 
corresponding to Upper Zones a,b,and c have an 
immiscible re la t io n sh ip  to granophyric l iq u id s  (Gr). 
An intermediate composition cons is t ing o f  two parts 
Upper Zone c and one part  granophyre s p l i t . i n t o  two 
l i q u id s ,  one i r o n - r i c h  (F) and the other r ic h  in SiO^ 
(S). CM=chilled margin composit ion. D i f fe re n t ia te s  
are shown to approach Upper Zone compositions and 
the tw o - l iq u id  f i e l d .  (From McBirney and Nakamura, 
1974)
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Archean t h o l e i i t i c  lavas in the A b i t ib i  volcanic b e l t  o f  Canada 
contain var io les  o f  quartz kerotophyre 5-50 mm in diameter w i th in  a 
h igh ly  ferruginous matr ix  (Gelinas and others,  1976; Gelinas, 1974).
These lavas show f low d i f f e r e n t i a t i o n  with coalescing o f  var io les to 
form a r h y o l i t i c  layer .  Besides s a t is fy in g  Bowen's three c r i t e r i a  fo r  
im m isc ib i l i t y - -e v id e n ce  o f  two glasses o f  contrast ing composit ion, 
occurrence o f  iden t ica l  c rys ta ls  in both f ra c t io n s ,  and coalescence o f  
g lobules-- these v a r i o l i t i c  lavas e x h ib i t  the fo l low ing  features sug­
gest ive o f  l i q u id  im m is c ib i l i t y :  sharp contacts confirmed by micro­
probe traverses,  unique d e v i t r i f i c a t i o n  textures occurr ing simultaneously 
in both; and re l i c s  o f  ske leta l  quench c rys ta ls  o f  mafic minerals in 
both and sometimes c u t t in g  across the in te r face  (implying chemical 
e q u i l ib r iu m  between immiscible l iq u id s  and quench c ry s ta ls ) .  When 
p lo t ted  on an im m is c ib i l i t y  diagram, the t i e l i n e s  between va r io le  and 
matr ix  mater ia ls are near ly  pa ra l le l  to those in the system K^O-FeO- 
AlgOg-SiOg, but as these lavas are extremely low in K, an exact " f i t "  
is  not expected.
S im i la r  l ig h t - c o lo re d  f e l s i c  spheres given the non-genetic name 
" o c e l l i "  occur in b a sa l t ic  komateii tes o f  the Onverwacht Group,
Barberton Mountain Land, Transvaal (Ferguson and Curr ie ,  1972). The 
o c e l l i  are p a r t i c u la r l y  common in p i l lowed units where they decrease 
in size from about 30 mm in diameter near the p i l lo w  centers to 1-2 mm 
near the outer par ts .  They can reach diameters o f  100 mm in massive 
f lows and commonly merge or  show cuspate in te rsec t ions .  Cherty
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amygdules c le a r l y  cross-cut the o c e l l i  which in some cases con­
s t i t u t e  30 percent,  by volume, o f  p i l lo w  lava. The o c e l l i  are
chemically enriched in SiÜ2 (near 60%), AlgOg, KgO, and Na2 0 . The
darker m atr ix ,  with 40-54 percent S i02 , is  g rea t ly  enriched in FeO and
figO along w i th  T i0 2 , MnO, and CaO. Experimental work on bulk compo­
s i t io n s  o f  Barberton komateii te v e r i f i e d  the occurrence o f  l i q u id  im­
m is c ib i l  i t y  between 1100°C and 1200°C.
S im i la r  features occur in Proterozoic high-magnesian basa l t ic  
lavas o f  the Ventersdorp Supergroup o f  South A f r ica  (Cawthorn and 
McCarthy, 1977). Sharply-bordered o c e l l i  here reaching 150 mm in 
diameter merge to form layers with a cuspate contact wi th the matr ix .  
Vesicles now i n f i l l e d  cut across the o c e l l i  matr ix  boundary, proving 
the o c e l l i  are not merely f i l l e d  ves ic les.  Chemically, the s trongly  
quartz-normative o c e l l i  are enriched in S i02 and Na20 whereas the 
m a tr ix ,  whose composition l i e s  close to the plane o f  s i l i c a  sa tu ra t ion ,  
shows enrichment o f  MgO, FeO, and T i0 2 - Although divergence on an 
im m is c ib i l i t y  diagram is smal ler than tha t  represented by the exper i ­
mentally-determined im m is c ib i l i t y  f i e l d ,  t i e  l ines  connecting FeO-rich 
matr ix  to more f e l s i c  o c e l l i  p a ra l le l  those expected o f  conjugate 
immiscible l i q u id s .  Cawthorn and McCarthy also report  tha t  n icke l ,  which 
is  enriched in these lavas (400-900 ppm), p a r t i t io n s  in to  the matr ix 
which may have up to 1.45 times the amount re la t iv e  to adjacent o c e l l i .
Composite dikes near Winnsboro, South Carolina (Vogel and Wilband, 
1978) cons is t  o f  cuspate p i l l o w - l i k e  masses o f  basic rock surrounded by
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gran i te  wi th no c h i l l e d  margins or  gradational boundaries. Although 
such a dike may form by several methods, a study o f  REE p a r t i t io n in g  
precludes the operation o f  f ra c t io n a l  c r y s ta l l i z a t i o n  or p a r t ia l  melting 
as a means o f  d i f f e r e n t i a t i o n .  L iquid im m is c ib i l i t y  appears indicated.
A1 kal ine systems. Fels ic  o c e l l i  s im i la r  to those described above 
have been not iced in a number o f  a l k a l i c  dikes (eg. Ramsay, 1955; 
P h i l l i p s ,  1968; Ph i lpo t ts  and P h i lp o t ts ,  1969; P h i lp o t ts ,  1971). In 
f a c t ,  l i q u id  im m is c ib i l i t y  has long been invoked to explain many o f  the 
chemical and tex tu ra l  odd i t ies  common to the a lka l ine  undersaturated 
rocks (Kogarko and o thers ,  1974).
At Callander Bay and Seabrook Lake, Ontario (Cullers and Medaris, 
1977; Curr ie ,  1976) a l k a l i c  o c e l la r  dikes are associated with pyroxenite, 
b i o t i t e  pyroxenite,  i j o l i  te ,  quartz monzonite, and carbonat i te .  Based 
on tex tu re s ,  composit ion, and elemental p a r t i t i o n in g ,  an im m is c ib i l i t y  
o r ig in  fo r  the o c e l l i  s t ructures is  probable. Curr ie 's  (1972) thermo­
dynamic model y ie lded the la rges t  free-energy f a v o r a b i l i t y  fo r  l i q u id  
s p l i t t i n g  f o r  the Callander Bay dikes.
Ph i lpo t ts  has worked ex tens ive ly  with o c e l la r  dikes w i th in  the 
Monteregian H i l l s  o f  Quebec. Textural as well as chemical re la t ions  
between f e l s i c  o c e l l i  and t h e i r  basic matrices point s trong ly  to 
im m is c ib i l i t y  re la t io ns  (P h i lp o t ts ,  1976), with the divergent compo­
s i t io n s  de f in ing  an in te rp re ted  im m is c ib i l i t y  f i e l d  on an FMA diagram 
(Fig.  17). These compositions l i e  close to ,  yet outs ide the boundary o f  
Freestone's (1978) stab le tw o - l iq u id  f i e l d  (F ig.  18). However the
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Figure 17. FMA diagram o f  o c e l l i  (open c i r c l e s )  and mat r ix  
( s o l i d  c i r c l e s )  from Monteregian dikes and s i l l s .
The dashed l i n e s  o u t l i n e  approximately the in te rp re ted  
f i e l d  o f  i m m i s c i b i l i t y .  ( A f t e r  P h i l p o t t s ,  1976)
SiO,
Figure 18. O c e l l i  and m atr ix  compositions ( X' s )  p lo t ted  on an
im m isc ib i1 i t y  diagram. Dashed l i n e  o u t l in e s  the e x t r a p ­
o la te d  im m is c ib i1 i t y  f i e l d .  A=mole % A 1 + K̂ O + Na^O; 
M=mole % MgO + CaO + FeO + TiO^ + PgOg- (From Freestone.  
1978)
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complexity o f  the natural system, together with f l u i d  pressures, may 
depress the l iqu idus  enough to cut the metastable im m is c ib i l i t y  dome 
which l i e s  j u s t  beneath i t .  Elemental p a r t i t io n in g  supports th is  view 
o f  an o r ig in  through im m is c ib i l i t y ,  since s i l i c a ,  alumina, and a lka l ies  
concentrate in the o c e l la r  syenites while FeO, CaO, MgO, TiOg, and 
P2O5 are enriched in the host gabbroic rocks (P h i lp o t ts ,  1976).
Most o f  the major Monteregian in trus ions form two groups o f  rocks, 
the darker-co lored pyroxenites and p e r id o t i te s ,  and the l ig h te r -co lo re d  
ones ranging from monzodiorite to syenite (P h i lp o t ts ,  1976). Bimodal 
in t rus ions  are not uncommon (eg. Woussen, 1970; Curr ie ,  1976) and i t  
is  very tempting indeed to co r re la te  the o c e l la r  syenite and basic 
f ra c t io n s  o f  the matr ix  w i th  t h e i r  p lu ton ic  equivalents.  The areal 
re la t io n s h ip  between o c e l la r  dikes and bimodal complexes is at leas t  
permissive evidence fo r  a l i q u id  im m is c ib i l i t y  o r ig in  f o r  the Monteregian 
in t ru s iv e  complexes. Furthermore, Curr ie 's  (1972) thermodynamic model 
shows a Gibbs Free Energy which favors magma s p l i t t i n g  f o r  some p lu ton ic  
complexes, Mount Saint H i la i r e  in p a r t i c u la r .  There, a c i r c u la r  pluton 
about three kilometers across is  composed o f  about 50 percent m i ld ly  
a l k a l i c  gabbro intruded by agpa i t ic  syenite.  The intermediate com­
pos i t iona l  gap between gabbro and monzonite, or t h e i r  equivalent non­
o c e l la r  dike rocks, w i th in  the Monteregian province, corresponds to 
the composit ional range o f  the o c e l la r  rocks (Fig. 19). This gap surely  
resu l ted from e i th e r  stable im m is c ib i l i t y  f ra c t io n a t in g  o r ig in a l  magmas 
or  from c r y s t a l l i z a t i o n  trends r e f le c t in g  a l iqu idus  topography severely
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Figure 19. above: FMA diagram o f  p lu ton ic  rocks w i th in  the
Monteregian Province.
below: FMA diagram o f  f ine-gra ined dike rocks in the
Monteregian Province. Sol id c i r c l e s ,  corresponding to 
non-oce l la r  d ikes,  show a composit ional gap equivalent 
to the gap in p lu ton ic  rocks o f  the province. Open 
c i r c l e s ,  representing analyses o f  gross, unseparated 
o c e l la r  rocks, f i l l s  th is  compositional gap. The 
dashed l in e s  are the approximate boundaries o f  the 
in te rp re ted  im m is c ib i l i t y  f i e l d .  (From P h i lp o t ts ,  
1976)
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d is to r te d  by a subliqu idus f i e l d  o f  metastable im m is c ib i l i t y .  The 
coincidence o f  the gap with the bulk compositions o f  o c e l la r  dikes 
suggests the former. I f  im m is c ib i l i t y  was operat ive on a grand scale, 
p lu ton ic  composit ional va r ie ty  w i th in  the two major categories may 
r e f l e c t  pos t - im m isc ib i1i t y  d i f f e r e n t i a t i o n  by more conventional means 
such as f ra c t io n a l  c r y s t a l l i z a t i o n .
Bimodal rock associations are not uncommon and may owe t h e i r  ex­
istence to processes o f  l i q u id  im m is c ib i l i t y . The Ice River a lka l ine  
complex o f  Canada (Curr ie ,  1975) presents a good case fo r  im n is c ib i1i t y . 
Feldspar-free pyroxenites and i j o l i t e s  were emplaced contemporaneously 
with fe ld s p a r - r ic h  syenites at about 1000° C and 2.5 kb with Pqq^ -  
0.3 - 0.5 X Pj and fg^ near the QFM bu f fe r .  The basic rocks are r ich  
in t i t a n a u g i te ,  sodic hedenbergit e , magnetite, sphene, a p a t i te ,  and 
b i o t i t e  or phlogopite.  Crystal f ra c t io n a t io n  has been ruled out as a 
d i f f e r e n t i a t i o n  mechanism (Curr ie ,  1975). Ph i lpo t ts  (1976) suggests 
o ther  associations which may have arisen through processes o f  immis­
c i b i l  i t y  such as the volcanic  rocks o f  the Auvergne d i s t r i c t  o f  France, 
and rocks o f  T ah i t i  and Clarion Is land, Mexico. Other l o c a l i t i e s  worthy 
o f  examination include the Rainy Creek pyroxen i te-syen i te stock near 
Libby, Montana (Pardee and Larson, 1929; Boettcher, 1967), the Gem Park 
igneous complex o f  Colorado (Parker and Sharp, 1970) and the a l k a l i c  
complex near Powderhorn, Colorado (Temple and Grogan, 1965). Based on 
chemical grounds, i t  appears, however, tha t  the b a s a l t - r h y o l i te 
assemblage common in extensional terranes (Yoder, 1973) may not represent 
separat ion by im m is c ib i l i t y .
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Liqu id Im m isc ib i l1 ty  at Skalkaho Mountain
Chemical s u i t a b i l i t y . The Skalkaho igneous complex c e r ta in ly  
e x h ib i t s  a bimodal character s im i la r  to complexes some have a t t r ib u te d  
to processes o f  l i q u id  im m is c ib i l i t y .  The discussion concerning 
d i f f e r e n t i a t i o n  methods in te r rup ted  above is  continued here, where the 
Skalkaho complex is  evaluated in terms o f  l i q u id  im m is c ib i l i t y .  Lacking 
d i r e c t  tex tu ra l  evidence even in the form o f  associated o c e l la r  dikes 
(perhaps because o f  the dominance o f  p lu ton ic  tex tu re s ) ,  other c r i t e r i a  
are considered.
The igneous rocks at Skalkaho are a l k a l i c ,  and thus f a l l  in to  a 
general igneous rock grouping almost n e g l ig ib le  in volumetr ic occurrence, 
ye t  extremely important in terms o f  t e r r e s t r i a l  examples o f  magmatic 
s i l i c a t e  l i q u id  im m is c ib i l i t y . Although no modal quartz or  fe lds -  
pathoids were noted, i t  appears tha t  the pyroxen i t ic  f ra c t io n  is 
normative undersaturated whereas the s y e n i t ic  f ra c t io n  is normative 
oversaturated. Such a re la t io nsh ip  between comagmatic rocks is  unusual 
and d i f f i c u l t  to ra t io n a l iz e  when considering the thermal div ide 
separating such composit ions. This d iv ide may be seen in "Petrogeny's 
residua system" as the a lb i te -o r th o c la se  jo in  or may be i l l u s t r a t e d  
by the a l b i t e - o l i v i n e  j o in  in a ternary diagram p lo t t in g  molecular 
proport ions o f  normative quartz ,  nephel ine, and o l i v in e .  The d i f ­
f i c u l t y  o f  the comagmatic ju x ta p o s i t io n  is  involved with the apparent 
i n a b i l i t y  to jump the hump during f ra c t io n a l  c r y s t a l l i z a t i o n .
P h i lp o t ts  (1976), however, has shown via  the Monteregian a l k a l i c  dikes
103
t h a t  d i f f e r e n t i a t i o n  through l i q u id  immiscib i l i t y  may re su l t  in over­
saturated s y e n i t i c  o c e l l i  occurr ing w i th in  an undersaturated mafic 
matr ix .  L iqu id im m is c ib i l i t y ,  then, may serve as a good explanation 
f o r  comagmatic rocks which apparently ignored the thermal div ide 
during t h e i r  d i f f e r e n t i a t i o n  h is to ry .  The Skalkaho complex may be an 
example.
Considering only  rocks exposed at the surface, a very crude 
estimate may be a rr ived  at f o r  the composition o f  the body by con­
s ider ing  the chemistry o f  a cer ta in  rock and i t s  exposed area. This 
ca lcu la ted ideal composition agrees well (Table 7) with a rock composed 
o f  2/3 m icroc l ine  m ic rope r th i te (data from Deer and others,  1976, 
p. 300, analysis  No. 6 ) and 1/3 pyroxene (analysis o f  anhydrous 
pyroxen ite ,  sample no. 27B). Such an a lka l ine  intermediate rock might 
f a l l  in to  the immisc ib i1 i t y  f i e l d ,  depending on ju s t  where the f i e l d  
is  located in th is  system.
The compositional make-up o f  a s i l i c a t e  system has been shown to 
profoundly a f fe c t  the existence and dimensions o f  the stable l i q u id  
im m is c ib i l i t y  f i e l d .  At Skalkaho, the igneous rocks e x h ib i t  high 
KgO/total a lka l ies  values, ranging from 0.522 to 0.780 in the rocks 
chemically analyzed. The high K2O content is  re f lec ted  in abundant 
b i o t i t e  and potassium fe ldspar .  High K^O/total a lk a l ie s ,  while not 
necessary f o r  the existence o f  l i q u id  im m is c ib i l i t y ,  general ly  favors 
a pronounced divergence between coex is t ing  l i q u id s .
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Table 7. Ideal ized Chemistry o f  Ent i re  Compiex
Calculated com­
pos i t ion  o f  
complex using 
chemical anlyses 
and r e la t i v e  per­
centage o f  co r­
responding rock 
exposed on 
surface
Pyroxene 
analysis 
(analysis  
o f  anhydrous 
pyroxeni t e , 
sample 
#278)
Microc l ine 
analysi s 
(from Deer 
and others,  
1976, p.
300, analysis 
#6 )
Idealized com­
pos i t ion o f  
complex assuming 
2 parts micro­
c l ine  and 1 
part pyroxene
Si 02 61.53 54.64 64.2 61 .01
TiOg 0.57 0.87 --- 0.29
Al 2O3 13.64 3.24 19.1 13.81
FeO 3.13 6.68 0.4 2.49
CaO 6.48 19.00 0.34 6.56
MgO 6.37 13.97 —  — 4.66
MnO 0.10 0.32 — " 0.11
NagO 2.18 0.62 2.60 1 .94
K2O 6.00 0.67 12.70 8.69
Apat i te  abounds, co n s t i tu t in g  over one- th ird  the volume o f  some 
rocks. The amphibole pyroxenites, f o r  example, average about 1.2 to 
1.5 percent PgOg as estimated from modal apa t i te  values. Phosphorus 
was seen to g rea t ly  expand experimental im m is c ib i l i t y  f i e l d  dimensions 
Moreover, many rocks thought to represent immiscible systems are
anomalously high in phosphorus.
Titanium also widened the m is c ib i1i t y  gap in experimental systems 
In the Skalkaho complex, the widespread abundance o f  sphene alone 
ind icates  enrichment o f  TiÛ2 , w i th some rocks contain ing well over
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6 percent estimated TiO^. More t i tan ium  may be locked up in magnetite, 
garnet,  or  some pyroxene.
In con t ras t ,  increased Ca, Mg, and Al have been shown to s l i g h t l y  
i n h i b i t  im m is c ib i l i t y  and shrink the tw o - l iq u id  f i e l d .  The rocks at 
Skalkaho are peraluminous with K^O+NagO/AlgOs ranging from 0.37 to 
0.66 in the rocks analyzed. They are not,  however, h igh ly  enriched in 
AI2O3 , with values between 2.33 percent and 19.37 percent in the same 
rocks. As in some o f  the experimental work on s i l i c a t e  im m is c ib i l i t y , 
the mafic f ra c t io n  tends to be more peraluminous than the f e l s i c  f ra c t io n  
For the complex as a whole, MgO and CaO values are not extreme, both 
estimated near 6.5 percent.
Increased v o l a t i l e  content in general increases the dimensions o f  
the im m is c ib i l i t y  f i e l d .  The abundance o f  b i o t i t e  and amphibole i n ­
d icate tha t  water was p l e n t i f u l ,  probably in the la te r  stages o f  
magmatism. The abundant m ia r o l i t i c  cav i t ies  in the pegmatite are 
a t t r ib u te d  to high CÔ  content. The somewhat v io le n t  in t ru s ive  nature 
o f  the complex, mirrored in the in t r i c a t e  in t rus ion  patterns together 
w i th  the fe n i te  and some pyroxenite va r ie t ie s  a t t r ib u ta b le  to meta­
somatism, also suggest moderate to high v o l a t i l e  content.
I t  is  unclear exac t ly  what the e f fe c t  o f  the high percentage o f  
v o l a t i l e s ,  P, T i , and K together with the somewhat abundant A l , Ca, 
and Mg was on the magmatic system. However, from experimental work 
re la ted  above and from l o c a l i t i e s  c i te d  as representat ive products o f  
l i q u i d  im m is c i b i l i t y , i t  is  believed tha t  the chemistry o f  the igneous
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complex at Skalkaho could have been extremely conducive to l i q u id  
im m is c ib i l i t y .  The dimensions of the im m is c ib i l i t y  f i e l d  o f  course 
may not be determined.
The analyzed pyroxenites and syenites o f  the Skalkaho complex are 
represented on an im m is c ib i l i t y  diagram in Figure 20. The bimodal 
character is  ev ident ,  and the two groups l i e  general ly  at the extremes 
o f  the im m is c ib i l i t y  f i e l d  determined in the system K20-A l20g_Fe0-S i02 . 
Moreover, the general trend o f  the t i e  l ines which could run between 
the two groups p a ra l le ls  tha t  seen between experimental coexis t ing 
melts,  lunar residual glasses, o c e l l i  and dike matr ices, and other 
immiscible pa i rs .  Although the f i t  with the experimental f i e l d  is  
somewhat coarse, i t  must be remembered tha t  th is  f i e l d  changes 
d r a s t i c a l l y  w i th  minor a l te ra t io n s  in magmatic const i tuents and con­
d i t i o n s .  The f i t ,  though coarse, is  remarkable and c e r ta in ly  serves 
as strong permissive evidence fo r  l i q u id  im m is c ib i l i t y .  The FMA 
diagram u t i l i z e d  f o r  the Monteregian o c e l la r  dikes could not be used 
here since the d i s t i n c t io n  between ox idat ion states o f  iron cruc ia l  to
tha t  method is  unavailable.
Elemental p a r t i t i o n in g ,  s p e c i f i c a l l y  o f  P, T i ,  Zr, and REE may
help to d i f f e r e n t i a t e  those bimodal rocks formed through f rac t io na l
c r y s t a l l i z a t i o n  from those formed by l i q u id  im m is c ib i l i t y .  Phosphorus, 
the element most not iceable p a r t i t io n e d  in l i q u id  im m is c ib i l i t y  work, 
is  g re a t ly  enriched in the pyroxenite f ra c t io n  at Skalkaho. Although
107
SiO
FeO + MgO
+ CaO + TiO, 
+ ^2^5
+ NdgO 
+ KgO
Figure 20. Skalkaho complex pyroxenites and
syenites p lo t ted  on an im m is c ib i l i t y  
diagram, ( im m is c ib i l i t y  f i e l d  from 
Roedder, 1978)
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chemical analyses f o r  P are lack ing,  th is  trend may be seen in the 
modal ap a t i te  analyses (see Table 1). Titanium p a r t i t io n in g  in the 
mafic f ra c t io n  may s im i la r l y  be i l l u s t r a t e d  by the modal analyses o f  
sphene. This trend is  also i l l u s t r a t e d  by means o f  a va r ia t ion  diagram 
p lo t t in g  Ti against Ca using data from the avai lab le chemical analyses 
(Fig. 21a). Figures 21b through 21i are s im i la r  p lo ts  f o r  the REE 
and Th which show s l i g h t  but d e f in i te  preference fo r  the mafic f ra c t io n .  
These trends s t rong ly  imply the previous operation o f  l i q u id  immisci­
b i l  i t y  as opposed to f ra c t io n a l  c r y s ta l l i z a t i o n  or movement o f  v o la t i l e s .  
Figures 21j  and 21k, showing pyroxen i t ic  association o f  Cu and L i ,  also 
adds credence to the l i k e l ih o o d  o f  im m is c ib i l i t y .  No assessment o f  Zr 
p a r t i t i o n in g  may be made.
Intermediate rocks. The bimodal character o f  the complex is  the 
feature which i n i t i a l l y  suggests the p o s s ib i l i t y  o f  l i q u id  immiscibi 1 i t y  
processes. Two small outcrops were found, however, of  a rock apparently 
intermediate in composition between the syen i t ic  rocks and the pyroxenite 
These hybrid rocks may represent one o f  two th ings.
F i r s t ,  i f  s table l i q u id  im m is c ib i l i t y  operated at Skalkaho these 
hybr ids ,  located e s s e n t ia l l y  between masses o f  syenite and pyroxenite, 
may represent something akin to an o r ig in a l  tw o - l iq u id  melt which has 
not yet  phys ica l ly  unmixed. "Force o f  c r y s t a l l i z a t i o n "  o f  pyroxene may 
have overcome l i q u i d - l i q u i d  surface fo rc e s , with early-formed pyroxene 
c ry s ta ls  o b l i t e r a t i n g  any t race o f  the spheroidal shapes in d ica t ive  o f
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immiscible g lobules. The presence o f  lobate pyroxene crys ta l  faces in 
some t e r r e s t r i a l  t h o le i i t e s  make t h is  a l te rn a t ive  questionable- More 
l i k e l y ,  a f t e r  s table im m is c ib i l i t y  had resulted in coalescence and 
to ta l  separation o f  l i q u id  f ra c t io n s ,  changing condit ions allowed some 
remixing which was mechanically l im i te d  to border zone areas. Changing 
temperature or  pressure, or a change in composition brought about by 
v o l a t i l e  release or by f ra c t io n a l  c r y s ta l l i z a t i o n  w i th in  the separate 
f ra c t io n s  themselves, might move the remaining l iq u id s  towards a miscible 
re la t io n s h ip .  The hybrid rocks and maf ic - r ich  border syen i t ic  rocks 
may then represent zones o f  remixing. They would be expected to exh ib i t  
gradational boundaries which they do.
Secondly, i f  s tab le l i q u id  im m is c ib i l i t y  condit ions did not e x is t  
at Skalkaho, the intermediate compositional gap must r e f le c t  a sigmoidal 
or f la t te n e d  l iq u id u s .  A subliquidus metastable im m is c ib i l i t y  dome has 
been shown to cause such a l iqu idus  d e f lec t io n .  This topology might 
re s u l t  in rapid t r a n s i t i o n  during f ra c t io n a l  c r y s ta l l i z a t i o n  from 
c r y s t a l l i z a t i o n  o f  u l t ram af ic  rocks to f e l s i c  rocks with a very small 
drop in temperature. The hybrid  and m af ic - r ich  syen i t ic  rocks may 
represent those rocks formed over th is  short span o f  t ime. I t  is un­
l i k e l y ,  however, tha t  d i f f e r e n t i a t i o n  by t h is  process would re su l t  in 
the elemental p a r t i t i o n in g  pattern seen.
Shallow na tu re . V i r t u a l l y  a l l  igneous s i l i c a t e  rocks showing 
features suggestive o f  an o r ig in a l  through l i q u id  im m is c ib i l i t y  appear
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to have c r y s ta l l i z e d  at r e l a t i v e l y  shallow depths w i th in  the crust 
(Hyndman and A l t ,  verbal comm., Feb. 1979). Noted examples include 
the Monteregian o c e l la r  dikes and bimodal p lutons, the A b i t ib i  
t h o l e i i t i c  v a r i o l i t i c  lavas, the o c e l la r  komateiites o f  the Barberton 
Mountain Land, and the Ice River A lka l ine  complex. This feature is 
compatible w ith the view tha t  s i l i c a t e  l i q u id  immiscibil  i t y  f ie ld s  
s t a b i l i z e  and expand at r e la t i v e ly  low pressures (<5-10 kb) and 
shr ink  at h igher pressures to become f ie ld s  o f  subliquidus metastable 
immisci b i 1i t y .
The Skalkaho complex shows several features which ind ica te  i t s  
shallow nature. The pegmatite contains abundant large m ia r o l i t i c  
c a v i t ie s  a t t r ib u te d  to high COg content. Such cav i t ies  are l im i te d  to 
epizonal in t ru s ive s  such as those g ra n i t i c  plutons which c r y s ta l l i z e d  
at depths less than two k ilometers. Also associated with the complex 
are t rachyte dikes in te rp re ted  to represent venting o f  the syenite. 
These shallow dikes, contain ing numerous f la t tened  ves ic les ,  provide 
more d i re c t  evidence to the shallowness o f  the sye n i t ic  body i t s e l f .  
Moreover, most o f  the water locked up in the micas and amphibole o f  
the pyroxenites is  believed to have been derived from shallow country 
rock. Syeni t ic  contacts with the country rocks are very sharp. The 
low-pressure, near-surface character o f  the Skalkaho complex is  com­
p a t ib le  wi th the observed s im i la r  character inherent to v i r t u a l l y  a l l  
suspected examples o f  s i l i c a t e  im m is c ib i l i t y .
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S im i la r  p lu tons . Plutons d isp lay ing a bimodal character s im i la r  
to the Skalkaho complex are not uncommon, ex is t in g  in varied tec ton ic  
se t t in gs  and in some cases associated with oce l la r  dikes. Several 
wel 1-documented examples e x is t  in the Monteregian province o f  Quebec. 
Mount Saint H i la i r e  (Curr ie ,  1976, p. 50-52) is  a s t r i k i n g l y  bimodal 
complex cons is t ing  o f  about h a l f  mafic to u l t ramaf ic  rocks including 
pyroxen i te ,  yamaskite, and gabbro, ly ing  adjacent to a body o f  agpa i t ic  
nepheline syen ite .  The complex is  enriched in T i02 , and apat i te  
and magnetite are ubiqui tous. Curr ie notes tha t  the development 
o f  Mount Saint H i la i r e  is poorly understood even though the pluton is 
genera l ly  considered a pe tro log ic  key to the whole province. I ts  
bimodal rocks r e f le c t  the general petrology o f  the region. Several 
complex paragenetic schemes proposed to  expla in Mount Sain H i la i re  
have not met with great acceptance.
Mount Bruno consis ts c h ie f l y  o f  p e r id o t i te  and hornblende p e r i -  
d o t i t e  with younger c ross -cu t t ing  bodies o f  quartz-bearing a l k a l i  
syenites (Curr ie ,  1976, p. 48-50). O l iv ine and t i ta n a u g i te  comprise 
most o f  the u l t ram af ic  rocks with small amounts o f  lab rador i te  always 
present.  Cumulate textures are common in the center o f  the u l t ramaf ic  
i n t r u s io n .
Mount Megantic, which is  the easternmost representat ive o f  the 
Monteregian province, consis ts o f  a g r a n i t i c  body bordered by a r ing 
dike o f  quartz-bear ing a l k a l i  syenite contain ing areas o f  a l k a l i c
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gabbro (P h i lp o t ts ,  1976). The three major rock types, associated 
w i th  lamprophyric d ikes, are believed to be gene t ica l ly  re la ted , 
although a p laus ib le  petrogenetic hypotheses is  missing.
Farther north ,  the A i l l i k  complex (Curr ie ,  1976, p. 112-115) 
consists o f  dikes occurr ing as f l a t l y  dipping cone sheets tha t  suggest 
a P lu ton ic  center beneath A i l l i k  Bay. Most o f  the dikes are unusually 
i r o n - r i c h  u l t ram af ic  rocks composed o f  phlogopi te,  augi te ,  and rare 
o l i v i n e  phenocrysts in a carbonatized f ine-gra ined matr ix . Also present 
are s y e n i t i c  dikes contain ing nepheline, a l b i t e ,  augi te ,  and hornblende. 
These dikes, as well as the Monteregian rocks mentioned above, are 
believed to be very shallow features.
Russian l i t e r a t u r e  on a lka l ine  bimodal igneous complexes is con­
fusing since nearly a l l  associated sye n i t ic  rocks are re ferred to as 
fen i tes  and a t t r ib u te d  to metasomatism o f  country rock. Furthermore, 
many o f  the u l t ram af ic  to mafic rocks are also thought to be metasomatic 
However, the Maimecha-Kotui region o f  northern Siberia (Egorov, 1970) 
contains a l k a l i c  rocks associated with the Baikal lineament which 
chearly e x h ib i t  an igneous bimodal character s im i la r  to tha t  evidenced 
a t  Skalkaho. Dikes, e rup t ives ,  and plutons in the area are e i th e r  
u l t ramaf ics  ( o l i v i n i t e ,  ja cu p i ra n g i t e , m e l te ig i t e ) ,  nepheline and 
a l k a l i c  syen i tes ,  or  m ag ne t i te -apa t i te - r ich  carbonat i te s . Tomkeieff 
(1961) provides a somewhat confusing review o f  a lka l ine  u l t ramaf ic  
rocks in the USSR which ind icates tha t  u l t ra m a f ic -s y e n i t ic  complexes 
may be qu i te  common.
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LeBas (1977) described the geology around the Rangwa complex o f  
western Kenya which includes the K i s i n g i r i ,  Sagurume, Homa Mountain, 
Usaki, R u r i , and Ragwa igneous centers. Bimodal volcanic and in ­
t ru s iv e  rocks are common, with the m a jo r i ty  o f  in t rus ives  being e i th e r  
broadly py roxen i t ic  ( b i o t i t e  v a r ie t ie s  are widespread) or syen i t ic  
( inc lud ing  so-ca l led " f e n i te s " ) .  Carbonatite erupt ives and in trus ives  
are also common, and apa t i te  and magnetite are abundant and widespread 
in the in v a r ia b ly  shallow-seated rocks. Some pyroxenites o f  the area 
are near ly  id en t ica l  to those at Skalkaho. Although some pyroxenites 
are assigned a cumulate o r ig in  and many syen i t ic  rocks are ca l led 
f e n i t e s ,  a p laus ib le  comprehensive petrogenesis fo r  the igneous rocks 
is not proposed.
I t  appears tha t  composit ionally  divergent glassy inc lusions in 
a p a t i te  c rys ta ls  from an i j o l i t e  o f  the Usaki complex imply tha t  two 
s i l i c a t e  l iq u id s  coexisted at the t ime o f  apa t i te  formation (LeBas 
and others,  1977). These glass inc lusions were o f  two general com­
p o s i t io ns ;  one r ich  in KgO (about 6 weight percent),  poor in Na2Û 
(about 0.3%), and oversaturated; the other r ich  in fla^O (6-14%), 
poor in K2O (about 0.2%), and undersaturated. The potassium-rich o c e l l i  
a t  Callander Bay, Ontario are s im i la r  in composition to the potassium- 
r ich  inc lus ions .  The host i j o l i t e  contains about 4 percent apa t i te .  
Numerous s im i la r  bimodal complexes e x is t  in the abundant a lka l ine  rocks 
o f  A f r ic a  (He in r ich ,  1966).
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The c a rb o n a t i te -a lk a l ic  rock complex o f  Ipanema, Sao Paulo,
Braz i l  (He in r ich ,  1966, p. 407-409) consists o f  p e r id o t i te ,  
ja c u p i ra n g i te ,  pyroxen i te ,  and some i j o l i t e  surrounded by nepheline 
syen ite  and fe n i te .  Masses o f  t i t a n i fe ro u s  magnetite rock and dikes 
o f  various apa t i te -bea r ing  rocks contain ing aegerine, has t ings i te ,  
b i o t i t e ,  magneti te,  and orthoclase are common. One va r ie ty  consists 
almost e n t i r e l y  o f  aegerine and apa t i te .  Vermicul ite is  developed 
from b i o t i t e  as i t  is  at the nearby s im i la r  complexes o f  Jacupiranga 
and Registro. The bodies are a l l  h igh ly  enriched in phosphorus and 
t i  tanium.
S im i la r ,  more sub t ly  bimodal rocks occur in Colorado. The Gem 
Park complex (Parker and Sharp, 1970) consists mostly o f  pyroxenite 
l o c a l l y  grading to gabbro with subordinate amounts o f  syen ite ,  
nepheline syen i te ,  and carbonat i te. The Iron Mountain in t rus ive  
(Shawe and Parker, 1967) is very s im i la r .  The pyroxenes are s a l i t e -  
augite commonly showing a S c h i l l e r  e f fe c t  due to exsolu t ion o f  mag­
n e t i t e  rods. Other minerals include p o i k i l i t i c  amphiboles, minor 
o l i v in e  and p lag ioc lase ,  and accessory magnetite, a p a t i te ,  sphene, and 
rare s u l f id e s .  In add i t ion  to the syen ites,  some fe n i te  is  reported. 
Verm icu l i te  was mined from the Iron Mountain complex. The nearby 
Powderhorn complex (Nash, 1972; Temple and Grogan, 1960), consis t ing 
mostly o f  pyroxenite w i th  some i j o l i t e ,  magnetite-perovskite rock, 
and fe n i t e ,  i s  thought to expose two s t ru c tu ra l  leve ls ,  i l l u s t r a t i v e  
o f  a more eroded version o f  the Gem Park complex.
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The Ice River complex in the Canadian C o rd i l le ra ,  composed o f  
pyroxen i tes,  i j o l i t e s ,  and syen ites,  was discussed above. Other 
Canadian a l k a l i c  p lu ton ic  rocks o f  bimodal character include the 
Hematite Lake s i l l s ,  the Lackner Lake and Nemegosenda Lake r ing 
complexes, the p a r t i a l l y  layered Kamiak Lake complex, and the Big 
Spruce Lake complex (Curr ie ,  1976).
The rock occurrence most s im i la r  to the Skalkaho complex, however, 
is  the Rainy Creek stock (Pardee and Larsen, 1929; Boettcher, 1966,
1967) j u s t  275 km to the north. The i n i t i a l  in t rus ion  o f  coarse-grained 
b i o t i t e  pyroxenite w ith  a core o f  pegmatit ic  b i o t i t e  invaded Wallace 
Formation metasediments, probably in middle Cretaceous time. The 
b i o t i t e  core, r ich  in a lka l in e  pegmatites, is  considered by Boettcher 
to have resu l ted from the accumulation o f  v o la t i le s  and a lka l ies  near 
the roof o f  the pluton. He a t t r ib u te s  the feldspar-pyroxene peg­
matites to la te s t  c r y s ta l l i z a t i o n  from a h igh ly  HgO.charged f l u i d .  
Following the i n i t i a l  in t ru s io n ,  magnetite pyroxenite intruded a zone 
o f  weakness between the igneous complex and country rocks, forming a 
r ing  dike. A l l  the u l t ram a f ic  rocks are considered to be d i f fe re n t ia te s  
o f  a common magma c r y s ta l l i z e d  under high P^^Q, P02 ’ temperature 
cond i t ions .
A s y e n i t ic  body believed to be a l te red  nepheline syenite i n ­
truded adjacent to the southwestern por t ion o f  the r ing  complex. 
Phonoli te and t rachyte d ikes,  f e n i t i z e d  country rock, la te  a lka l ine
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gra n i te  d ikes ,  and quartz and quartz-carbonate veins complete the 
l i s t  o f  rocks re la ted  to the complex. Boettcher concluded that  ground­
water leaching transformed b i o t i t e  to ve rm icu l i te ,  whereas hydro- 
b i o t i t e  a l te ra t io n  may represent a hydrothermal process. Boettcher 
s ta tes th a t  "the a lka l in e  rocks at the surface may be mobil ized fe n i tes "  
(Boettcher, 1966, p. 144). The fe n i t i z in g  ions were abbributed to a 
deep-seated i j o l i t e  or carbonat i te.
Bimodal in t ru s iv e  complexes, espec ia l ly  o f  a l k a l i c  a f f i n i t y ,  are 
f a i r l y  common and widespread, ex is t in g  throughout the world in varied 
geologic and tec ton ic  se t t in gs .  Such complexes are commonly assigned 
somewhat s p e c i f ic  and re s t r ic te d  petrogenetic hypotheses not appl icable 
to many s im i la r  complexes in d i f f e r in g  loca les.  In many s tud ies,  a 
genesis f o r  the rocks remains unproposed. For some o f  these complexes 
s im i la r  to  the Skalkaho complex, l i q u id  immisc ib i1i t y  o r ig ins  have 
recen t ly  been put fo r th  (Curr ie ,  1972; P h i lp o t ts ,  1976; Ph i lpo t ts  and 
Hodgson, 1968). C e r ta in ly ,  to s a t is f y  the law o f  s im p l ic i t y  a pe tro­
genetic framework should be sought which could be successfu l ly  applied 
to most i f  not a l l  o f  these bimodal in t rus ions .  Fract ional c r y s t a l l i ­
zat ion seems untenable and mechanisms such as f i l t e r - p r e s s in g  lack 
u n iv e r s a l i t y  and requ ire  spec ia l ized s i tu a t io n s .
CHAPTER VI 
SUMMARY AND CONCLUSIONS
The Skalkaho hypabyssal p lu ton ic  complex, intruded in to  Wallace 
Formation c a l c - s i 1ica te  metasediments near the western edge o f  the 
Sapphire tec ton ic  b lock, exh ib i ts  a bimodal character whereby 
pyroxenites l i e  adjacent to sye n i t ic  rocks. The s i l ica-undersa tu ra ted 
pyroxenites range from anhydrous pyroxenites, through b io t i t e  pyroxenites, 
to amphibole pyroxenites r ich  in ap a t i te ,  magnetite, and sphene. A 
pegmatite o f  anhydrous mineralogy r ich  in m ia r o l i t i c  cav i t ies  is  
associated with th is  ce n t ra l ly - lo ca te d  pyroxenite mass. The over­
saturated s y e n i t i c  rocks include nearly pure potassium fe ldspar rocks 
but grade to a l k a l i c  syenites. These two main in t ru s ive  rock masses 
arose la rg e ly  through magmatic c r y s t a l l i z a t i o n ,  but replacement 
textures and f i e l d  re la t io ns  ind icate  some metasomatic ove rp r in t .
Minor fe n i t i z e d  country rock adjacent to the pyroxenite resembles the 
s o r t  o f  metasomatic product common around a l k a l i c  carbonat i te complexes. 
Linear c a lc i te-magnesiohastingsite forms may represent an in t ru s ive  
stage o f  t h is  implied carbonat i te .  Vesicular t rachyte to a l k a l i  
t rachyte  dikes c u t t in g  the pyroxenites represent surface breaching o f  
the syen ite .
The s y e n i t ic  and py roxen i t ic  masses comprising most o f  the complex 
appear to be both comagmatic and contemporaneously emplaced.
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D i f f e r e n t ia t io n  o f  the syenite from a parent magma by f rac t iona l  
c r y s t a l l i z a t i o n  does not seem p laus ib le .  While movement o f  v o la t i le s  
may have played a minor ro le  in the development o f  the vo la t i le - la de n  
complex, i t  can not be responsible fo r  the gross bimodal qu a l i t y .
Chemical composit ion, elemental p a r t i t i o n in g ,  the nearly complete 
lack o f  in termedia te rock types and cumulate tex tures,  and the 
parameters o f  emplacement suggest an o r ig in  through l i q u id  
immisc ib i1i t y . Compositions o f  the divergent bodies f a l l  near opposite 
sides o f  the im m is c ib i l i t y  f i e l d  on an experimental l i q u id  im m is c ib i l i t y  
diagram and show good co r re la t io n  to n a tu ra l ly  occurr ing pairs o f  
immiscible s i l i c a t e  l iq u id s .  These include coexist ing glasses found 
in la te -s tage  c r y s t a l l i z a t i o n  pockets in lunar and t e r r e s t r i a l  basa l ts ,  
v a r i o l i t e s  and matrices o f  mafic and u l t ram af ic  lava f lows, and o c e l l i  
and matrices in a l k a l i c  dikes.
Bimodal igneous complexes s im i la r  to the Skalkaho complex are not 
uncommon, p a r t i c u la r l y  in al kal ine te r ranes . Many o f  these in trus ions 
have unclear overa l l  petrogeneses. I t  is  concluded from th is  study 
tha t  the process o f  l i q u id  im m is c i b i l i t y , ev iden t ly  operable in cer ta in  
s i l i c a t e  systems under ce r ta in  cond i t ions ,  is  responsible fo r  the 
development o f  the composi t ional ly  divergent rocks o f  the Skalkaho 
complex. S i l i c a te  l i q u id  im m is c ib i l i t y  as a major means o f  d i f f e r e n t i a ­
t io n  must be researched more f u l l y ,  and other bimodal rock packages 
should be reexamined in l i g h t  o f  the most-recent developments concerning 
th is  s e p a ra t io n -d i f fe re n t ia t io n  process.
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a l k a l i c  rocks and i t s  bearing on the formation of a lk a l i c  
u l t ra b a s ic  rocks and the associated carbonat i tes,  Am. J. Sci.
275, p. 163-185.
, 1975b, The d i s t r i b u t i o n  o f  strontium between co-ex is t ing  s i l i c a t e
and carbonate l iq u id s  at elevated pressures and temperatures, 
Geochim et  Cosmochim Acta, 39, p. 27-34.
and W y l l ie ,  P. J . ,  1973, Liquid im m is c ib i l i t y  in the jo in  NaAl 
"Si30Q-CaAl2Si203-Na2C03-H2 0 , Am. J. Sci. 273, p. 465-487.
_, _____ , 1969, Melting re la t ionsh ips  in the system NaAlSi30g-
NaCl-HpO at one Kb pressure, with pe t ro log ica l  app l ica t ions .  
Jour. Geol. ,  v. 77, p. 581-605.
 , 1968, L iquid im m is c ib i l i t y  in the jo in  NaAlSi308-
Na2C03_H20 and i t s  bearing on the genesis o f  carbonat i tes, Am.
J. Sci.  266, p. 932-967.
, 1966, L iquid im m is c ib i l i t y  in the system Na20-A l203-
Si02-CÜ2 pressures to 1 kb, Am. J. Sci. 264, p. 234-255.
Kushiro, I . ,  1975, On the nature o f  s i l i c a t e  melt and i t s  s ign i f icance 
in magma genesis: r e g u la r i t ie s  in the s h i f t  o f  the l i qui dus 
boundaries invo lv ing  o l i v in e ,  pyroxene, and s i l i c a  minerals.
Am. J. Sci. 275, p. 411-431.
, 1975, Liquidus boundaries in s i l i c a t e  systems applied to p a r t ia l  
melt ing o f  rocks, Geol. Soc. Amer. Abstr. with Prog. 6/ 6 , p. 527.
LaTour, T. E . , 1974, An examination o f  metamorphism and scapol i te  in the 
Skalkaho reg ion,  southern Sapphire Range, Montana, Unpublished 
M.S. th e s is ,  Univ. o f  Montana, 95 p.
LeBas, M. J . , 1977, Carbonati te-Nephelini te Volcanism: An Afr ican Case 
H is to ry ,  Wiley Publ. ,  New York, 347 p.
, Aspden, J . ,  and Woolley, A. R . , 1977, Contrasting sodic and 
potassic  glassy inc lus ions in ap a t i te  c rys ta ls  from an i j o l i t e .  
Jour. P e t ro l . ,  v. 18, No. 2, p. 247-262.
126
Leeman, W. P, ,  and Sheideggar, K. F., 1977, O l iv in e / l iq u id  d i s t r i b u t io n  
c o e f f i c ie n ts  and a te s t  fo r  c r y s t a l - l i q u id  equ i l ib r ium . Earth 
Planetary Sci. Le t te rs  35, p. 247-257.
Karkov, V. K. , Nasedkin, V. V., and Ryabinin, Y. N . , 1974, Liquation
in u l t ra m a f ic  a l k a l i c  magma at high pressures, Dokl Acad. Sci.
USSR, Ear. Sci. Sect. 256, No. 1-6, p. 154-155.
Massion, P. J . ,  and Koster van Gross, A. F . , 1973, Liquid im m is c ib i l i t y
in s i l i c a t e s .  Nature, v. 245, p. 60-62.
McBirney, A. R . , and Nakamura, Y. ,  1974, Im m is c ib i l i ty  in la te-stage 
magmas o f  the Skaergaard in t ru s io n ,  (Ann. Rep. Geophys. Lab), 73, 
Carnegie Ins t .  Yearbook, p. 348-352.
Metz, M. C. ,  1971, The geology o f  the Snowbird deposit .  Mineral County, 
Montana, Unpubl. M. S. Thesis, Washington State U n ive rs i ty ,  69 p.
Moore, J. G., and Calk, L . ,  1971, Su l f ide  spherules in vesicles o f
dredged p i l lo w  basa l t .  Am. Miner. 56, p. 476-488.
Mudge, M. R., 1970, Orig in o f  the disturbed b e l t  in northwest Montana, 
Geol. Soc. Amer. B u l l . ,  v. 81, p. 377-392.
Nakamura, Y . , 1974, The system Fe2Si04-Ka lS i20g-S i02 a t  15 kb,
Carnegie In s t .  Yearbook 73, p. 352-354.
Nash, W. P., 1972, Mineralogy and petrology o f  the Iron H i l l  carbonat i te  
complex, Co, Geol. Soc. Amer. B u l l .  83, p. 1361-1382.
Naslund, H. R . , 1977, An inves t iga t ion  o f  l i q u id  im m is c ib i l i t y  in the 
system K20-Ca0-Fe0 -Fe203-A l203-S i02 , Carnegie Ins t .  Yearbook 76, 
p. 407-4T0.
, 1976, L iqu id im m is c ib i l i t y  in the system KalSi30g-NaAlSi308-FeO- 
S i02 and i t s  app l ica t ion  to natural magmas, Carnegie Ins t .
Yearbook 75, p. 592-597.
Nockolds, S. R . , and A l len ,  R . , 1954, The geochemistry o f  some igneous 
rock ser ies .  Part  2, Geochim et  Cosmochim Acta, v. 5, p. 245-285.
, , 1953, The geochemistry o f  some igneous rock ser ies,
Geochim et Cosmochim Acta, v . 4, p. 105-142.
Pardee, J. T. and Larsen, E. S., 1929, Deposits o f  verm icu l i te  and other 
minerals in the Rainy Creek d i s t r i c t  near Libby, MT., U. S. G. S. 
B u l l .  805, pp. 22-28.
Parker, R. L. and Sharp, W. N . , 1970, M a f ic -u l t ram a f ic  igneous rocks 
and associated carbonat ites o f  the Gem Park Complex, Custer 
and Fremont Counties, CO, U. S. G. S. Prof.  Paper 649.
127
Perry, E. S.,  1948, Talc ,  g raph ite ,  ve rm icu l i te ,  and asbestos in 
Montana, Mont. Bur. Mines Geol. Mem. No. 27, p. 28-30.
P h i l l i p s ,  W. J . ,  1968, The c r y s ta l l i z a t i o n  o f  the teschenite from 
Lugar s i l l ,  Ayrsh ire ,  Geol. Mag., v. 105, p. 23-34.
P h i lp o t t s ,  A. R, , 1978, Textural evidence fo r  l i q u id  im m is c ib i l i t y  in 
t h o le i i t e s .  Miner. Mag., v. 42, p. 417-425.
 5 1976, S i l i c a te  l i q u id  immisc ib i1i t y : i t s  probable extent and
petrogenet ic  s ig n i f ican ce .  Am. J. S c i . ,  v. 276, p. 1147-1177.
 > 1972, Density, surface tension, and v isco s i ty  of  the immiscible
phase in a basic, a lka l ine  magma, L i thos,  5, p. 1-18.
 » 1971, Immiscib i1i t y  between fe ldspa th ic  and gabbroic magmas,
Nat. Phys. S c i . ,  v. 229, p. 107-109.
 , 1967, Orig in o f  ce r ta in  i ro n - t i ta n iu m  oxide and apa t i te  rocks,
Econ. Geol. , v. 62, p. 303-315.
 , and Hodgson, C. J . ,  1968, Role o f  l i q u id  im m is c ib i l i t y  in a lka l ine
rock genesis. In t .  Geol. Cong. 23rd, Czech Rept. Sess. Sec. 2, 
p. 175-188.
 , and P h i lp o t ts ,  J. A.,  1969, Liquid im m is c ib i l i t y  between syen i t ic
and gabbroic magmas, Geol. Soc. Amer. Abstr. with Prog. 1, p t .  7, 
p. 1176.
Presley, M. W., 1973, Metamorphism in the Sapphire Mountains, Montana, 
Northwest Geology, v. 2, p. 36-41.
, 1970, Geology o f  the Willow Creek drainage basin, southern 
Sapphire Mountains, Montana, Unpublished M.S. Thesis, Univ. o f  
Montana, 56 p.
Pr ice ,  R. A.,  1971, G rav i ta t iona l  s l ipp ing  and the foreland th ru s t  and 
fo ld  b e l t  o f  the North American C ord i l le ran :  Discussion, Geol.
Soc. Amer. B u l l . ,  v. 82, p. 1138.
Prokoptsev, N. G . , 1977, The ea r ly  magmatic 1iquational-dynamic
d i f f e r e n t i a t i o n  o f  a l k a l i c  basal t  deep-water lavas, Acad. Sci.
USSR Dokl, Earth S c i . ,  Sec. V228, No. 1-6, p. 186-188.
Ramsay, J. G., 1955, A camptonite dyke su i te  a t  Mona, Ross-shire and 
Iverness-sh ire ,  Geol. Mag., v. 92, p. 297-309.
Rankin, A. H. and LeBas, M. J . ,  1974, Liquid im m is c ib i l i t y  between s i l i c a t e  
and carbonat i te  melts in n a tu ra l ly  occurr ing i j o l i t e  magma.
Nature, v. 250, p. 206-209.
128
Ringwood, A. E., 1955, The p r inc ip le s  governing trace element d i s t r i ­
but ion during magmatic c r y s t a l l i z a t i o n ,  Geochimica et Cosmochimica 
Acta, V .  7, p. 189-202; 242-254.
Roedder, E. ,  1978, S i l i c a te  l i q u id  im m is c ib i l i t y  in magmas and in the 
system K20-Fe0 -A l203-S i0 2 : an example o f  serend ip i ty ,  Geochimica 
et Cosmochimica Acta, v. 42, p. 1597-1617.
 , 1951, Low-temperature l i q u id  im m is c ib i l i t y  in the system K?0-
Fe0 -A l203-SiÜ2 , Amer. Miner. ,  v. 36, p. 282-286.
 > and Coombs, D. S., 1967, Im m is c ib i l i ty  in g ra n i t i c  melts as
ind icated by f l u i d  inc lusions in ejected g ra n i t i c  blocks from 
Ascension Is land, Jour. P e t ro l . ,  v. 8 , p. 417-452.
 , and Weiblen, P. W., 1972, Pétrographie features and petro log ic
s ign i f icance  o f  melt inc lusions in Apollo 14 and 15 rocks,
Proc. 3rd Lunar Sci. Conf. ,  p. 251-279.
 , _____ , 1970a, Lunar petrology o f  s i l i c a t e  melt inc lus ions.
Apollo 11 rocks, Proc. o f  Apollo I I  Lunar Sci. Conf., p. 801-837. 
, , 1970b, S i l i c a te  l i q u id  im m is c ib i l i t y  in lunar magma
evidenced by f l u i d  inc lusions in lunar rocks. Science, v. 167, 
p .  641-644.
Ryerson, F. J . ,  and Hess, P. C . , 1978, Impl icat ions o f  l i q u i d - l i q u i d  
d i s t r i b u t i o n  c o e f f i c ie n ts  to m in e ra l - l iq u id  p a r t i t i o n in g ,  Geochim 
e t Comsochim Acta, v. 42, p. 921-932.
Shawe, D. R . , and Parker, R. L . , 1967, Maf ic -u l t ram af ic  layered in t rus ion  
at Iron Mountain, Foremont County, Co., U. S. G. S. Bull 1251-A, 
p. A1-A28 [1968].
Skinner, B. J . ,  and Peck, D. L . , 1969, An immiscible su l f id e  melt from 
Hawaii, Econ. Geol. Mono., No. 4, p. 310-322.
Sorensen, H. (e d . ) ,  1974, The A lka l ine  Rocks, John Wiley & Sons,
New York, 622 p.
Stanton, R . , 1972, Ore Petrology, McGraw-Hill .
Streckeisen, A.,  1976, To each p lu ton ic  rock i t s  proper name, Earth- 
Science Reviews, v. 12, p. 1-33.
2+ 2+ 2+ 2+ 2+
Takahaski, E . , 1978, P a r t i t io n in g  o f  Ni , Co , Fe , Mn , and Mg 
between o l i v in e  and s i l i c a t e  melts: compositional dependence of 
p a r t i t i o n  c o e f f i c ie n t s ,  Geochim Cosmochim Acta, v . 42, p. 1829-1844.
Temple, A. K. and Grogan, R. M., 1965, Carbonatite and re la ted a l k a l i c
rocks at Powderhorn, CO., Econ. Geol.,  v. 60, p. 674-692.
129
Tomkeief fJ S. I . ,  1951, A lk a l i c  u l t ra ba s ic  rock and carbonatites in the 
USSR, In tern .  Geol. Rev., v. 3, p. 739-758.
Troger, IJ. E. ,  1979, Optical Determination of Rock-Forming Minerals,
E. Schweizerbart 'sche Verlagsbuchhandlung, S tu t tga r t ,
V isser,  W. and Koster van Groos, A. P., 1979, Phase re la t ions  in the
system K20-Fe0 ~A1^03-S i02 at 1 atmosphere with special emphasis on 
low temperature l i q u id  im m is c ib i l i t y , Amer. J. S c i . ,  v. 279, 
p. 70-91.
, 1976, L iquid im m is c ib i l i t y  in K20-Fe0 -A l203-S i0 2 , Nature,
V .  264, p .  420-427.
Vogel, I .  A.,  and Wilband, J. T . ,  1978, Coexisting ac id ic  and basic 
melts: Geochemistry o f  a composite d ike. Jour. Geol., v. 8 6 , 
p. 353-371.
Wager, L. R . , and Brown, G. M., 1968, Layered Igneous Rocks, O l ive r  and 
Boyd, London, 588 p.
 , and M i tc h e l l ,  R. L . ,  1951, The d is t r i b u t io n  o f  trace elements
during strong f ra c t io n a t io n  o f  basic magma - -  a fu r th e r  study of
the Skaergaard in t ru s io n ,  East Greenland, Geochim et  Cosmochim
Acta ,  V .  1 , p. 129-208.
, , 1950, The d i s t r i b u t i o n  of Cr, V, Ni, Co, and Cu during
the f ra c t io n a l  c r y s t a l l i z a t i o n  o f  the basic melt.  In t .  Geol. Congr. 
18th, London, 1948, Rept. Pt. 2, p. 140-150.
Watkinson, D. H . , 1970, Experimental studies bearing on the o r ig in  o f
the a l k a l i c  rocks - -  carbonat i te  complex and niobium m inera l iza t ion  
at Oka, Quebec, Can. M inera log is t ,  10, p. 350-361.
Watson, E. B . , 1976, Two-l iquid p a r t i t i o n  c o e f f i c ie n ts :  Experimental
data and geochemical im p l ica t ions ,  Contr. Miner P e t r . ,  v. 56,
No. 1, p. 119-134.
 and Naslund , H. R . , 1977, The e f fe c t  o f  pressure on l i q u id
im m is c ib i l i t y  in the system K20-Fe0 -A l203- S i02-C02 , Carnegie 
In s t .  Yearbook 76, p. 410-414.
Weiblen, P. W., and Roedder, E . , 1973, Petrology of melt inc lus ions in 
Apollo samples 15598 and 62295, and o f  c las ts  in 67915 and several 
lunar s o i l s .  Proceedings of the 4th Lunar Sci. Conf., 4:681.
Wiswall ,  G., 1976, S truc tura l  s ty les  o f  the southern boundary o f  the 
Sapphire Tectonic Block Anaconda-Pintlar Wilderness are^_Montana, 
Unpublished M. S. Thesis, Univ. o f  Montana, 62 p.
130
Wood, M. I . ,  and Hess, P. C . , 1977, The role o f  AI9O3 in immiscible 
s i l i c a t e  melts,  EOS, 58, p. 520.
Woussen, G., 1970, La géologie du complex igné du Mont. Royal, Can. 
Miner, v. 10, p. 432-451.
Wright,  T. L . ,  and Okamura, R. T . ,  1977, Cooling and c r y s ta l l i z a t i o n
o f  t h o l e i i t i c  basa l t ,  1965 Makaopuhi lava lake, Hawaii, U. S. G. S 
Prof.  Pap. 1004.
W y l l ie ,  P. J . ,  1966, Experimental studies o f  carbonat ite problems: 
the o r ig in  and d i f f e r e n t i a t i o n  o f  carbonat ite magmas, J_n_
T u t t l e ,  0. F. and G it tens ,  J. (eds . ) ,  Carbonati tes, Interscience 
Publ.
 , Cox, K. G . , and Biggar, G. M., 1962, The habit  o f  apa t i te  in
synthet ic  and igneous systems. Jour. Petr. 3, p. 238-243.
Yoder, H. S., J r . ,  1973, Contemporaneous basa l t ic  and r h y o l i t i c  magmas, 
Amer. M in e ra l . ,  v. 58, p. 153-171.
